Effects of mixing and pumping energy on technological and microstructural properties of cement-based mortars by Takahashi, Keisuke
   
 
Effects of Mixing and Pumping Energy on  
Technological and Microstructural Properties of 
Cement-based Mortars 
 
 
To the Faculty of Mechanical, Process and Energy Engineering 
 Fakultät für Maschinenbau, Verfahrens- und Energietechnik 
 
of the Technische Universität Bergakademie Freiberg 
 
approved 
 
THESIS 
 
to attain the academic degree of 
 
DOKTOR–INGENIEUR 
 
(DR.–ING) 
 
submitted 
 
by Master of Engineering in Mining Engineering, Keisuke Takahashi 
 
born 5th February 1982 in Osaka, Japan 
 
Reviewers:  Prof. Dr. –Ing. Thomas A. Bier, Freiberg 
  Prof. Dr. –Ing. Harald Garrecht, Stuttgart 
  Prof. Dr. –Eng. Makoto Kawakami, Akita 
 
Date of the award:  28th November 2014 
  ii 
Acknowledgements 
I would like to thank the following people who made this work possible: 
 
Professor Dr.–Ing. Thomas A. Bier, my doctoral supervisor, to whom I am deeply 
grateful for his enormous support and insightful comments that were invaluable 
during the duration of my study, for providing me the opportunity to study at 
Freiberg for two years and to present my work in several international conferences.  
 
Professor Dr.–Ing. Harald Garrecht and Professor Dr.–Eng. Makoto Kawakami, 
for sparing their very precious time to review this work and providing encouraging 
and constructive feedback. 
 
Colleagues at TU Freiberg, especially Dr. Torsten Westphal, Dr. Gert Schmidt, 
Professor Dr.–Ing. Syed Rizwan, Dr. Mirco Wahab, Mrs. Franziska Krause, Mrs. 
Sandra Waida and Mr. Falco Schanz for their helpful contribution and support 
during this work. 
 
Professor Dr. Jörg Matschullat and his family, for their warm support and sincere 
encouragement and spending invaluable time together with my family.  
 
Mrs. Anne Marie de Grosbois, for her invaluable language editing. 
 
All bosses and colleagues at Ube industries, Ltd., particularly Mr. Yasuhiko Toda, 
Dr. Yoshinobu Hirano and Dr. Eiji Maruya for incisive comments and constructive 
advice during this study and for understanding my work and ideas. 
 
Ube industries, Ltd., for their financial support that made it possible to complete 
this work. 
 
Finally, I would also like to express my gratitude to my wife, Nana, and sons Muto 
and Shota, for their moral support and limitless love, having patience with me during 
this doctoral work.  
iii 
 
Table of Contents 
 
Acknowledgements ...................................................................................................... ii 
Notation ...................................................................................................................... vii 
Abstract ....................................................................................................................... ix 
Graphic abstract ........................................................................................................... x 
1 Introduction ............................................................................................................ 1 
1.1 Cement-based mortar ....................................................................................... 1 
1.2 Problems at construction sites ......................................................................... 3 
1.3 Research hypotheses and objectives ................................................................ 4 
2 Background ............................................................................................................ 5 
2.1 General ............................................................................................................. 5 
2.2 Mixing and pumping processes ....................................................................... 5 
2.3 Particle dispersion in suspensions ................................................................... 8 
2.3.1  General ....................................................................................................... 8 
2.3.2  Physical dispersion .................................................................................... 9 
2.3.3  Chemical dispersion ................................................................................. 11 
2.3.4  Definition of fully dispersed state ............................................................ 13 
2.4 Rheology ........................................................................................................ 15 
2.4.1  General ..................................................................................................... 15 
2.4.2  Flow characteristics ................................................................................. 15 
2.4.3  Rheological models .................................................................................. 17 
2.4.4  Oscillatory measurement ......................................................................... 18 
2.4.5  Rheograph ................................................................................................ 20 
2.5 Hydration kinetics.......................................................................................... 22 
2.5.1  Early hydration of Portland cement ......................................................... 22 
2.5.2  Early hydration of tricalcium silicate ....................................................... 24 
2.5.3  Early hydration of tricalcium aluminate .................................................. 29 
2.6 Early age dimensional stability...................................................................... 30 
2.6.1  General ..................................................................................................... 30 
2.6.2  Autogenous shrinkage .............................................................................. 32 
iv 
 
2.6.3  Drying shrinkage ...................................................................................... 33 
2.6.4  Capillary pore pressure ............................................................................ 34 
3 Experimental work ............................................................................................... 37 
3.1 General ........................................................................................................... 37 
3.2 Tests with different mixing energies at a field scale ...................................... 37 
3.3 Tests with different mixing energies at a laboratory scale............................. 39 
3.3.1  Materials and proportions ........................................................................ 39 
3.3.2  Mixing methods and mixing equipment .................................................. 41 
3.4 Tests simulating different pumping energies at a field scale ......................... 42 
3.5 Tests simulating different pumping energies at a laboratory scale ................ 43 
3.5.1  Pressurization test .................................................................................... 43 
3.5.2  Mixing test ............................................................................................... 44 
3.5.3  Sedimentation test .................................................................................... 44 
3.6 Testing Methods ............................................................................................ 44 
3.6.1  Mixing energy .......................................................................................... 44 
3.6.2  Flow properties ........................................................................................ 45 
3.6.3  Water-Powder ratio, aggregate and air contents ...................................... 45 
3.6.4  Rheometric properties .............................................................................. 46 
3.6.5  Particle size distribution ........................................................................... 47 
3.6.6  Setting time and compressive strength .................................................... 47 
3.6.7  Hydration kinetics .................................................................................... 48 
3.6.8  Dimensional stability ............................................................................... 48 
3.6.9  Capillary pore pressure ............................................................................ 50 
3.6.10  Water loss ............................................................................................... 50 
3.6.11  Pore size distribution ............................................................................. 51 
3.6.12  Surface tension ....................................................................................... 51 
3.6.13  Weight loss using TG/DTA .................................................................... 52 
3.6.14  Total organic carbon .............................................................................. 53 
3.6.15  BET specific surface area ...................................................................... 54 
3.6.16  Energy dispersive X-ray detector – Scanning electron microscopy ...... 54 
v 
 
3.6.17  In-situ XRD ............................................................................................ 55 
4 Results .................................................................................................................. 56 
4.1 Effects of mixing energies at a field scale ..................................................... 56 
4.2 Effects of mixing energies at a laboratory scale ............................................ 56 
4.2.1 Mixing energy ........................................................................................... 56 
4.2.2 Temperature, flow properties and air contents ......................................... 58 
4.2.3 Particle size distribution ........................................................................... 61 
4.2.4 Storage elastic modulus ............................................................................ 62 
4.2.5 Setting time and compressive strength ..................................................... 64 
4.2.6 Hydration kinetics..................................................................................... 65 
4.2.7 Dimensional stability ................................................................................ 68 
4.2.8 Capillary pore pressure ............................................................................. 76 
4.2.9 Water loss.................................................................................................. 80 
4.2.10  Pore size distribution ............................................................................. 82 
4.2.11  TOC, surface tension and BET specific surface area............................. 83 
4.2.12  Weight loss using TG/DTA .................................................................... 85 
4.2.13  EDX-SEM .............................................................................................. 87 
4.2.14  In-situ XRD ............................................................................................ 89 
4.3 Effects of pumping energies at a field scale .................................................. 91 
4.4 Effects of pumping energies at a laboratory scale ......................................... 92 
4.4.1 Pressurization test ..................................................................................... 92 
4.4.2 Mixing test ................................................................................................ 93 
4.4.3 Sedimentation test..................................................................................... 94 
5 Discussion ............................................................................................................ 96 
5.1 Rheograph ...................................................................................................... 96 
5.2 Early hydration .............................................................................................. 99 
5.2.1 Classical explanation of change in early hydration .................................. 99 
5.2.2 Extended explanation of changes in early hydration .............................. 100 
5.2.3 Experimental demonstration for the protective superficial layers .......... 103 
5.3 Mechanisms for changes in fluidity ............................................................. 105 
vi 
 
5.4 Dimensional stability ................................................................................... 107 
5.4.1 Deformation under covered conditions .................................................. 107 
5.4.2 Deformation under uncovered conditions .............................................. 110 
5.4.3 Comparisons using various mortars ....................................................... 114 
5.5 In-situ X-ray diffraction ............................................................................... 115 
6 Conclusions and perspectives ............................................................................. 118 
6.1 Conclusions ................................................................................................. 118 
6.2 Perspectives ................................................................................................. 120 
7  Bibliography ....................................................................................................... 122 
8  Appendix ............................................................................................................ 130 
 
 vii 
 
Notations 
 
ACI  American Concrete Institute 
AFt  Ettringite 
AFm  Monosulfate 
ASTM ASTM International, (formerly the American Society for Testing 
and Materials)  
CAC  Calcium aluminate cement 
CE  Cellulose ether thickener 
CH  Calcium hydroxide 
CMC  Critical micelle concentration 
CSH  Calcium silicate hydrate 
CSH (m) Calcium silicate hydrate (metastable) 
CSH (s)  Calcium silicate hydrate (stable) 
CVC  Conventional vibrated concrete  
C2S  Dicalcium silicate 
C3S  Tricalcium silicate 
C3A  Tricalcium aluminate 
C4AF  Tetracalcium alumino ferrite 
D-Drying Standard vacuum drying procedure to remove evaporable water 
from a specimen 
DTA  Differential thermal analysis 
DSC  Differential scanning calorimetry 
EDX  Energy dispersive X-ray spectroscopy 
EDAX  Energy dispersive X-ray analysis 
FA  Fly ash 
F.S.  Final set 
G'  Storage (elastic) modulus 
G''  Loss (elastic) modulus 
HSC  High strength concrete 
I.S.  Initial set 
JASS  Japanese Architectural Standard Specification 
JIS  Japanese Industrial Standards 
JHS  Japan Highway Standards 
LOI   Loss on ignition  
MIP  Mercury intrusion porosimetry 
PC  Polycarboxylic compound 
PCE  Polycarboxylic ether superplasticizer 
 viii 
 
PCE/C  Polycarboxylate ether superplasticizer/Cement (ratio) 
SBET  Brunauer Emmet and Teller specific surface area 
SCC  Self-compacting concrete  
SEM  Scanning electron microscopy 
SLU  Self-leveling underlayment 
SNS  Sodium naphthalenesulfonate 
SP  Super plasticizer 
TOC  Total organic carbon 
TG  Thermo gravimetry 
RH  Relative humidity 
VMA  Viscosity modifying agent 
w/c  Water/cement (ratio) 
W/P  Water-powder ratio 
XRD  X-ray diffraction 
ix 
 
Abstract 
Numerous recurrent situations following mixing and pumping of mortars and 
concretes cause degradation of fluidity and hardening characteristics. Which, in turn, 
lead to adverse effects on the quality of workmanship and structural defects. 
Nonetheless, relatively little research on the mixing and pumping energies used for 
the onsite transport and preparation of mortar or concrete has been directed at the 
core reasons or mechanisms for changes in technological properties.  
This dissertation describes and explains the effects of various mixing and pumping 
parameters on the mortar characteristics in a field trial and on a laboratory scale.  
Observations using a rheograph revealed that shearing action does exhibit the most 
pronounced influence on the characteristics of mortars during the pumping. The 
performed investigations indicate that higher shearing actions, for example, 
excessive mixing duration and long-distance pumping lead to reduced flowability, 
accelerated and increased hydration rate, increased early compressive strength and 
early-age shrinkage.  
From these findings, the underlying mechanism responsible for acceleration and 
increase of hydration rate is pinpointed as: the increased dissolution from the active 
surface area due to the destruction of the protective superficial layers of cement 
grains, as well as a transition from flocculation to dispersion. The creation of new 
surfaces leads to further consumption of active super plasticizer in solution phase and 
to subsequent degrading changes in fluidity (decreasing flowability). The 
degradation of fluidity and densification of microstructure provoked by the hydration 
changes do increase the early age shrinkage of mortar. 
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Graphic abstract 
 
The concept map (flow chart) represents the 4 steps made in this doctoral work to 
study the effects of mixing and pumping energy on the technological properties of 
cement-based mortars and on related mechanisms for changes in these properties. 
The story line of this dissertation may be summarized as follows: 
1. Point of observation: to determine through rheological analysis if shearing action 
can be identified as the major cause of changes in technological properties of 
Portland cement-based materials. 
2. Original hypothesis pertains to the characteristic change(s) that are explained on 
a physical level by destruction of superficial layers as well as dispersion of 
flocculated particles. 
3. Original hypothesis pertains to the characteristic change(s) that are explained on 
a chemical level by hydration kinetics, PCE adsorption and microstructural 
development. 
4. These physicochemical results lead finally to changes in technological properties 
such as a loss in fluidity, an accelerated setting and increases in early 
compressive strength and in early age shrinkage. 
 Chapter 1 – Introduction 
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1. Introduction 
1.1 Cement-based mortar 
A cement-based mortar is a workable construction material used to fill the gaps 
between construction blocks and bind them together. Mortar becomes hard when it 
sets, resulting in a rigid aggregate structure. The first mortar that was originally made 
of mud and clay was invented in 1794 by Joseph Aspdin and patented in 1824 [1]. 
Modern mortars are typically made from a mixture of sand, cementitious binder, 
chemical admixtures such as super plasticizer (SP) and viscosity-modifying agent 
(VMA), and water. SP is used to increase the workability of mortar at low water 
contents (the ease with which it flows) and VMA is applied to prevent sedimentation 
of cement particles and sand in mortars. Both SP and VMA are essential materials to 
improve the workability of fresh mortars and the durability of structures. A dry 
premix of cement, sand and powdered chemical admixtures is currently utilized on 
construction sites because of its high quality stability and usability. In the United 
States, five standard types of dry premixed mortar are generally used for both new 
construction and repair work. The ratio of binder and sand included in each mortar 
type produces different fluidity and hardening properties. The formulations for each 
type of premixed mortar product are specified by the ASTM standards organization 
and designated by one of the five letters M, S, N, O, and K based on compressive 
strength, bolding properties and flexibility. Type M mortar has the highest strength 
and Type K the weakest. In Japan mortar mixes and properties have not been 
standardized through Japanese Industrial Standards (JIS), but the Public Buildings 
Association and Architectural Institute of Japan have specified individual material 
standards, such as JASS 5 for self-leveling underlayments (SLUs) and JHS 312 for 
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non-shrink grouts etc. 
The non-shrink grouts have been recently put to use in many situations. In particular, 
these are used to fill the cavity under machine foundations to provide a strong base 
(Fig. 1.1). Figure 1.2 illustrates an earthquake retrofit method utilizing the grout to 
fill the space between an existing beam and steel frame in order to make it 
quakeproof. Figure 1.3 shows a sewage pipe rehabilitation method in which the grout 
is applied to fill and reinforce the gap between a new plastic moulded liner and the 
aging pipe [2]. For the flawless integrity of construction, grouts need to have 
excellent fluidity, high strength, minimal shrinkage and moderate setting etc. 
 
   
Figure 1.1 Grout filling method for the installation of a machine foundation 
 
 
Figure 1.2 An earthquake retrofit method of a building structure 
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Figure 1.3 Example of a sewage pipe rehabilitation method shows a) grout reinforcing in the 
gap between an existing aging or damaged pipe (orange) and a newly installed pipe liner 
(blue) and b) its injection point 
 
1.2 Problems at construction sites 
Mixing and pumping of cement-based mortars and concretes are essential practices 
in industrial construction. Machines and processes involved in the mixing and/or 
pumping are dependent on the field conditions. Fernandes et al. reported that mortar 
characteristics differed with the equipment types due to the changes of included air in 
the fresh state and suggested suitable mixing equipment and modes to obtain 
appropriate properties of final coating mortars [5]. Wallevik and Wallevik described 
mortar preparation using various mixing tools and demonstrated that viscosity 
decreased with an increase in mixing intensity [6]. Ouchi and Tsutsui reported that 
rheological properties were adversely affected as the pumping pressure and/or 
distance increased [7]. However, all these reports point to the fact that required 
fluidity and hardening properties might not have been obtained due to unexpected 
construction situations with excessive/insufficient mixing periods and/or 
long-distance pumping etc. Degrading changes to the properties can cause a quality 
loss of workmanship and result in subsequent filling problems and structural defects. 
Not much research on the mixing and pumping energies has focused on the core 
reasons and mechanisms for these changes. 
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1.3 Research hypotheses and objectives 
In this doctoral thesis, the main original hypotheses pertaining to the preparation 
processes of mixing and pumping of cement-based mortar may be summarized as 
follows: 
1. If shearing action during mixing and pumping influences the changes in 
technological properties of Portland cement-based materials, then it is a 
dominant factor in the processes. 
2. If a shearing action occurs during mixing and pumping, it can cause 
dispersion as well as destruction (by milling or scraping the surface off) of 
cement particles to occur, which then subsequently: a) increases the 
dissolution rate of cement particles, and hence b) hastens hardening, c) results 
in degrading changes in the rheological behavior and d) increases shrinkage. 
The objectives of this study are to identify the dominant factors that influence mortar 
characteristics in mixing and pumping processes and to describe the physicochemical 
mechanisms which are responsible for the characteristic changes of mortars after 
mixing and pumping. 
In order to test these hypotheses, this work describes and measures the effects of the 
following mixing and pumping parameters on technological properties and 
microstructure of cement-based mortars in a field trial and on a laboratory scale: 
rheological properties, setting time, compressive strength, dimensional stability, 
capillary pore pressure, water loss, hydration kinetics, weight loss by thermal 
analysis, adsorption behaviour of super plasticizer, surface tension, specific surface 
area of cement particles, pore-size distribution, phase contents using in-situ X-ray 
diffraction (XRD) and scanning electron microscopy (SEM) images. 
 Chapter 2 - Background 
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2. Background 
2.1 General 
The background theory related to my research is described by using the results of 
past studies, such as mixing and pumping processes, particle dispersion in 
suspensions, rheology, hydration kinetics and dimensional stability at early age. 
2.2 Mixing and pumping processes 
Mixing is one of the essential processes for the mortar and concrete industries. 
Mixing moves particles by convective and dispersive transport. The convective 
transport is a directed movement of larger portions of the mix and roughly-disperses 
particles (coarse dispersion). On the other hand, the dispersive transport is a random 
movement of individual particles due to collisions between particles, which leads to 
fine dispersion and subsequent disintegration of agglomerates (full dispersion). 
Figure 2.1 shows particle movement during the mixing. 
Mixing equipment can be divided in two main categories: batch mixers and 
continuous mixers. The batch mixers shown in Fig. 2.2 such as a drum mixer and a 
pan mixer can produce one batch at the time and have to be emptied completely after 
each mixing. The continuous mixers produce mortar non-disruptively at a constant 
rate. The materials are continuously fed into the mixer at the same rate as the mortar 
is discharged. Each of these mixers has a different rotation speed, axial movement, 
blade shape and mixing volume etc. Figure 2.3 shows a continuous convective 
mixing apparatus equipped with an automatic control system [6]. 
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Figure 2.1 Particle movements during mixing [5] 
           
Figure 2.2 Batch mixers 
       
Figure 2.3 Continuous mixer (left) and its blade (right) [6] 
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The pumping process is standard practice for the onsite transport of concrete. This 
technique conveys a supply of fresh materials into formworks without the use of any 
bucket or conveyor belt. In recent years, required pumping techniques have become 
severer because of complex construction and an increase in demand of marine 
structures. Figure 2.4 represents pumping examples utilizing concrete for the 
construction of a mudslide-control barrier (left) and the construction of a bridge 
(right). Table 2.1 shows mechanical specifications of the pumps and concrete mix 
designs utilized in the construction examples. 
   
Figure 2.4 Construction examples of pumping concrete upwards (left) and horizontally 
(right) 
Table 2.1 Mechanical specifications of the pumps and concrete mix designs 
 Fig. 2.4 (left) Fig. 2.4 (right) 
Pumping distance 360 m  1040 m 
Trend Vertical (upward) Horizontal 
Pipe diameter 139.8 mm 114.3 mm 
Discharging pressure 15 MPa 18 MPa 
Grade of 
concrete 
Nominal strength 40 N/mm2 30 N/mm2 
Slump 18 cm 18 cm 
Max. size of aggregate 25 mm 25 mm 
Type of cement Ordinary Portland 
Cement 
Ordinary Portland 
Cement 
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During the pumping, compressive stress and shear stress can be exerted [7]. The 
compressing force from the pump’s piston that pushes out the mortar induces the 
compressive stress. Both a friction between flow rate gradients and a slip resistance 
of the pipe wall generate the shear stress. Compared to ordinary concretes, the plug 
flow area (non-shear flow area) of mortars is smaller and the shear flow area is 
greater in size due to its lower yield stress. Figure 2.5 illustrates the stresses exerted 
by pumping of mortars. 
 
Figure 2.5 Stresses exerted during the pumping of mortar 
2.3 Particle dispersion in suspensions 
2.3.1 General 
Dispersibility of particles in suspensions is affected by the magnitude of interparticle 
forces consisting of van der Waals force (attracting force) and electrical repulsing 
force. The van der Waals force arises from the polarization of molecules or particles 
into dipoles. The electrical repulsing force acts between charged bodies with a 
potential difference. 
The net result of these attractive and repulsive electric forces of suspended particles 
creates an energy barrier as they approach each other [8]. The consequent potential 
energy as a function of interparticle distance ( ) is illustrated in Fig. 2.6. At a small 
Pipe wallCompressive stress
Shear stressGrouting mortar
Plug Flow
Shear Flow
Shear Flow
 Chapter 2 - Background 
9 
 
separation distance ( = ), a deep potential energy trough is encountered, where 
the net force is zero and the particles are at an equilibrium distance apart, causing the 
matrix to flocculate. To make  smaller or larger than , a dispersing force is 
applied. Depending on the balance of forces, a much less deep secondary minimum, 
with zero net force, can exist at a larger interparticle distance ( = ´) [9]. At this 
point the flocculated particles can be easily separated by an applied shear. Still, if 
this secondary minimum is deep enough, relatively strong floc is formed. Flocculated 
particles in suspensions can be dispersed by physical and chemical driving forces: 
shear stress provoked by mixing/pumping (physical dispersion) and electrostatic 
repulsions and steric hindrances (chemical dispersion). 
 
Figure 2.6 Potential energy as a function of interparticle distance [10] 
2.3.2 Physical dispersion 
Shearing actions disperse suspended particles physically. The homogeneity (or 
stability) of dispersion state can be defined by the concept of “mixing efficiency”, 
which is dependent on mixing time, mixing speed, mixing volume and mortar 
composition etc. Schiessl et al. [11] relates the mixing time to a certain stabilization 
time and characterizes the mixing time by the three phases illustrated in Fig. 2.7. 
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Figure 2.7 Effect of the mixing time on the power and the slump flow [11] 
 Phase 1 “Dispersion” (t − t ): Water is distributed in the mix. Due to the surface 
tension of the water and the capillary pressure of interstitial water, interparticle 
forces increase and a significant increase of the power is needed to distribute the 
water in the first phase. With the progress of water dispersion, a transition takes 
place from a grain bulk to a suspension. This shows a significant decrease in 
power. Flowability increases as the distribution improves. 
 Phase 2 “Optimum” (t − t ): The power decreases towards a plateau where the 
components are homogeneously mixed and raw materials and admixtures are 
completely dispersed. The flowability of the mix reaches its maximum. According 
to Beizel [12], this optimal mixing duration varies between 30 and 180 s after 
wetting. 
 Phase 3 “Overmixing” (t − t ): Further mixing duration leads to a decrease of 
the flowability due to the number of fine particles in the mix that is raised by 
abrasion of the coarse aggregate. Abrasion of the first precipitated hydrates is also 
possible, due to which new reaction areas appear. As a consequence new surfaces 
are produced for reaction, increasing the demand of water and reducing the 
flowability. 
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2.3.3 Chemical dispersion 
Chemical dispersion theory by the addition of SP is widely accepted as followings. 
SP adsorbs onto the hydrates such as calcium hydroxide nuclei and the initial 
hydrates of tricalcium aluminate and disperses particles due to electrostatic 
repulsions and steric hindrances shown in Fig. 2.8 [13]. The adsorbed amount of SP 
correlates with the dispersibility of particles [14]. Electrical repulsion force is 
expressed as a function of the particle distance and zeta potential (particle surface 
potential). According to Sakai [15], zeta potential of sodium naphthalenesulfonate 
(SNS)-cement suspension indicates less than -20mV and forms an electrical barrier 
(>15kT) shown in Fig. 2.9. Particles can’t overcome the barrier and the dispersed 
condition remains. On the other hand, the polycarboxylic compound (PC)-cement 
suspension shows more than -10mV and does not form the electrical barrier. In this 
case, particles flocculate easily and can’t be stably dispersed. This interpretation 
means the dominant dispersing force of a PC is not electrical repulsion. This work of 
Daimon and Sakai [16] calculates interparticle potential using zeta potential of a 
suspension containing PC and repulsion force by the effect of the steric hindrances 
(Fig. 2.9). It concludes that the steric hindrance is a dominant factor in the particle 
dispersion and its effect is dependent on the adsorbed amount of PC and thickness of 
the adsorbed film.  
Figure 2.10 represents schematically the adsorbed amount of polycarboxylic ether 
superplasticizer (PCE) and flow value as a function of PCE dose. As the PCE dose 
increases, the adsorbed amount of PCE increases and then levels off with more than a 
certain dose because of the supersaturated adsorption of PCE. As PCE concentration 
increases more than the supersaturated dose, particles in a suspension reach the fully 
dispersed condition. 
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Figure 2.8 PC’s dispersion mechanism [13] 
 
Figure 2.9 Interparticle potential by electrostatic repulsion 
 
Figure 2.10 Schematic representation of the amount of adsorbed PCE and flow value as a 
function of PCE dose 
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2.3.4 Definition of fully dispersed state 
Takahashi and Bier reported that dispersion states of particles in suspensions can be 
defined by mixing energy and PCE adsorption behavior [17], (mentioned in Sections 
2.3.2 and 2.3.3). 
Figure 2.11 shows the flow values and mixing energy used during the mixing period of 
a mortar (same as the mortar A, see Section 3.2.1) at 700 rpm as a function of the 
mixing time. Comparing this measured data to the literature (Fig. 2.7), the mixing time 
can be characterized by three phases: dispersion (0–1 min), optimum (2–3 min) and 
overmixing (4–7 min). Lowke and Schiessl reported optimal mixing energies provide 
a complete dispersion of raw materials and admixtures [5]. 
 
Figure 2.11 Mixing energy and flow value as a function of mixing time 
Figure 2.12 [17] shows the adsorbed amount of PCE per gram of cement weight and 
flow value as a function of total PCE concentration (PCE dose). Mortars and pastes 
were mixed at 700 rpm for 2 min. As the PCE dose increased, the adsorbed amount of 
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PCE increased and then leveled off with more than 2500 mg/L of total PCE 
concentration because of the supersaturated adsorption of PCE. The flow value 
became larger with an increase in the total PCE concentration. The adsorbed amount 
of PCE as well as residual amount of PCE in solution correlates with the dispersibility 
of cement particles [18]. These facts show that by addition of supersaturated 
concentration of PCE, cement particles in mortars and pastes are nearly fully 
dispersed. From these findings, a mortar and/or paste with an excessive PCE dose 
(dose B, Section 3.2.1) that is mixed physically for an optimal duration (2–3 min) is 
defined as an almost fully dispersed mortar/paste due to its supersaturated adsorption 
of PCE [17]. 
 
Figure 2.12 Adsorbed amount of PCE and flow value as a function of total PCE 
concentration [17] 
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2.4 Rheology 
2.4.1 General 
The term rheology was coined by Eugene C. Bingham at Lafayette College, Indiana 
to mean “the study of the deformation and flow of matter” and was accepted by the 
American Society of Rheology when founded in 1929 [19]. Wallevik and Wallevik 
define rheology as the logical tool to characterize and describe the flow behavior, 
thickening, workability loss, stability and even compactability of a fresh 
cement-based particle suspension such as fresh concrete, mortar and paste [4]. To 
apply this tool, one has to be able to evaluate and choose the material parameters of 
importance (e.g. yield stress and viscosity) and to be able to obtain information about 
them, for example through testing. A great deal of effort has been spent on obtaining 
accurate and repeatable data on the rheological material parameters. Although the 
same rheological trend and behavior can generally be figured out by different types 
of devices for rheological measurements, the absolute value measured, however, can 
differ somewhat. 
2.4.2 Flow characteristics 
When a shear stress τ is applied to a fluid element, a deformation will occur as 
shown in Fig. 2.13. The rate of deformation is usually designated as shear rate and 
represented with the symbol ̇ . The relationship between the shear stress  that is 
applied on a fluid element and its resulting shear rate ̇  is called apparent viscosity  [19]. When the relationship between the shear stress τ and the shear rate ̇  is a 
constant, the material constitutes a so-called Newtonian fluid. 
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Figure 2.13 Deformation of a fluid element 
Figure 2.14 shows the relationship between the shear stress and the shear rate [20] as 
flow curves. Newtonian fluid is drawn as curve (a). All gases and common liquids 
such as ethanol, water and most oils are Newtonian. Curve (b) represents a 
pseudoplastic or shear-thinning fluid and its viscosity decreases continuously with 
shear rate. On the other hand, viscosity of dilatant or shear-thickening fluid (c) 
increases continuously as shear rate grows. Bingham fluid (d) has a yield stress  below which deformation has not occurred. Above the Bingham yield stress, the 
differential viscosity is constant and is called plastic viscosity. If the viscosity is 
non-constant, it is called shear-thinning with yield response (e). Examples of 
viscoplastic fluids such as (d) and (e) are blood, paint, mayonnaise, toothpaste, foods, 
mortar and concrete. 
 
Figure 2.14 Flow types illustrated as curves and their characteristics shape 
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2.4.3 Rheological models 
By using a mathematical relationship, a fluid can be rheologically characterized by a 
small number of coefficients (e.g. viscosity and yield stress). In the literature [21–24], 
several theoretical models used to describe the non-Newtonian flow behavior can be 
found. The fundamental models are the Bingham, Ostwald, Herschel-Bulkley and 
Casson (Fig. 2.15). The Bingham model and the Herschel-Bulkley model tend to be 
best suited for cement pastes [25, 26]. Self-consolidating mortar and concrete etc. 
have been suggested to have a shear-thickening behavior with a yield. The 
rheological parameters are defined by the Herschel-Bulkley model, which however, 
is just a method of curve fitting (extrapolation) and the constants  and  do not 
have physically any meanings. Extrapolation by means of the Casson model can be 
used from a linear plot of the square root of shear rate versus the square root of shear 
stress. Constants  and  have physically meanings. For instance,  and  
represents the Casson viscosity ( ) and yield stress ( ), respectively. 
√ = √ +                               ( . 2.1)                       
Where  is steady state value of shear stress and  is the steady state value of 
shear rate. 
When → 0, = : yield stress 
Eq. 2.1 can be deformed as following: 
√
√ = = + √                     ( . 2.2) 
When → ∞, = : Casson viscosity 
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Figure 2.15 Flow curves of several models 
2.4.4 Oscillatory measurement 
An oscillating rheology test is used to measure the material’s structure represented 
by its elastic region. The deformations are small and kept within the linear 
viscoelastic region, so the structural build-up can be monitored over a time period 
without destroying the structure. In a typical oscillation test, illustrated in Fig. 2.16, 
the applied periodic stress ( ) and the resulting strain ( ) can be described as: 
σ = σ ∙ cos( ∙ )                            [ ]              ( . 2.3) 
γ = γ ∙ cos( ∙ − )                      [−]               ( . 2.4) 
where  is the stress amplitude,  is the strain amplitude,  is the angular 
frequency,  is the time, and  is the phase lag (loss angle) [27]. For an ideal solid, 
the phase angle will be = 0, whereas for a Newtonian fluid with a purely viscous 
response it will be = . The material’s rheological characteristics are described in 
terms of the shear storage modulus ’ (representing the elastic response of the 
material), and the shear loss modulus ” (representing the viscous response of the 
material) can be calculated as: 
Shear rate, ̇ (1/sec)
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=  ∙  cos( )                 [ ]                              ( . 2.5)  
" =   ∙  sin( )                 [ ]                              ( . 2.6) 
 
 
Figure 2.16 Principle of oscillatory measurement of a viscoelastic fluid 
For this oscillatory measurement three parameters are used: frequency, strain and 
temperature. In order to investigate the linear viscoelastic zone, a sweep test whose 
parameter is strain shown in Fig. 2.17 (left) is used. When the applied strain exceeds 
the liner viscoelastic zone, the material’s structure is destroyed and modulus 
decreases. The dispersing stability of the material can be defined by the magnitude of 
the strain where structural destruction occurs. As the material has higher dispersing 
stability, its structural destruction commences at larger strain. The result of a 
frequency sweep test illustrated in Fig. 2.17 (right) represents viscoelastic behavior 
in different frequency domain. 
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Figure 2.17 Examples of a strain sweep test (left) and frequency sweep test (right) 
2.4.5 Rheograph 
A rheograph or workability box is a diagram designed to combine several rheological 
properties such as plastic viscosity (x-axis) and yield stress (y-axis). Rheographs 
were developed in order to reveal and quantify in a systematical way the effects of 
changes through pumping, mixing and adding different constituents on rheological 
behavior. This way of viewing the combined effects has been described by Wallevik 
as a “vectorized-rheograph approach, as the vector addition of each step gives the 
final result” [4].  
The first systematic and comprehensive use of rheographs was made in 1983 by 
Wallevik in order to examine the effect of added water, air entrainer, super plasticizer 
and silica fume in a concrete mix [28]. A general representation of the results of his 
research is shown in Fig. 2.18, which explains how different rheological directions 
will change the consistency of concrete, i.e. to stiff, wet or viscous. All changes are 
relative to a reference mix.  
Figure 2.19 shows a rheograph for different construction applications. The arrows in 
this figure represent necessary steps to retain the required rheological properties. 
During an uphill casting, fresh concrete is often required to retain a sufficiently high 
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yield stress to prevent it from downhill flow (i.e. avert fresh concrete from sliding 
down the formwork). The arrow (top left) demonstrates the direction needed to go if 
the ascending surface slope (µ) is increased. With steeper slope, the yield stress must 
be increased to overcome stronger gravitational (pulling-out) effect, however, 
viscosity must be reduced to maintain a workable batch. To successfully pump 
concrete, experience has shown that the yield stress has to exceed roughly 150 Pa to 
maintain a sufficient degree of stability and homogeneity of the fresh concrete. The 
direction labeled slipform, points towards reduced viscosity, while maintaining a 
necessary yield stress to prevent segregation. With reduction in viscosity, a slip layer 
is more easily formed and maintained between the slipform and the concrete. 
     
Figure 2.18 Rheographs illustrate the effect of adding different constituents to a reference 
mix [28] 
 
Figure 2.19 Rheograph for different construction applications, e.g. CVC labeled A, B and C 
(regions A, B and C represent the CVC that typically applies in Scandinavia, mainland 
Europe and Asia, respectively), underwater concrete and self-compacting concrete such as 
used in Iceland (SCC-IC) and Japan (SCC-J) [29] 
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2.5 Hydration kinetics 
2.5.1 Early hydration of Portland cement 
Portland cement is a synthetic compound produced by firing raw materials such as 
limestone and clay at high temperature, typically 1450 ˚C [30]. It is composed of 
four compounds: tricalcium silicate (Arite, C3S), dicalcium silicate (Belite, C2S), 
tricalcium aluminate (C3A) and a calcium alumino ferrite solid solution (C4AF). The 
C3A phase is the most reactive of the four compounds and reacts with gypsum in 
solution to form ettringite. However, the hydration kinetics are dominated by the alite 
hydration, as this phase is the major constituent (50 to 70 % by weight of cement). 
Scrivener and Nonat defined that “hydration is fundamentally a dissolution–
precipitation process and no one can transform to the other without the passage of 
ions through solution [31]”. For hydration to proceed, the potential hydration 
products must have a lower solubility than the anhydrous phases. It can be explained 
by an example of the solubility curves of C3S, C2S and calcium silicate hydrate 
(CSH) in the CaO–SiO2 system shown in Fig. 2.20. When the concentration of 
calcium hydroxide is between 0 and 36 mmol/L (which corresponds to the maximum 
of supersaturation with respect to portlandite), CSH is always less soluble than C3S 
and for this reason always hydrates. In the case of C2S, CSH is less soluble at a low 
lime concentration, but could be more soluble at a high lime concentration. Then C2S 
should not dissolve to precipitate CSH. 
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Figure 2.20 Solubility curves of C3S, C2S and CSH in the CaO–SiO2 system [31] 
Hydration of Portland cement can be monitored by isothermal calorimetry as the 
reaction is an exothermic process. Figure 2.21 represents schematically a typical 
calorimetric curve for a Portland cement paste. The hydration process is divided into 
five stages. Immediately after the addition of water, cement particles release calcium 
and hydroxyl ions into the solution. Precipitation of initial hydrates (such as 
ettringite) and CSH gels occurs and generates an outburst of heat (stage 1). After the 
induction period (stage 2), the dissolution continues and the pH reaches 12.5. During 
this induction period, less hydration takes place. Stage 3 is referred to as massive 
hydration and shows that the main peak corresponds to the precipitation of the main 
hydration products of alite: CSH and calcium hydroxide (CH) called Portlandite. 
This reaction progressively slows down as the volume occupied by the solution is 
being consumed by the precipitation of the hydrates (stages 4 and 5). A schematic 
microstructural development occurring during the early cement hydration is given in 
Fig. 2.22. 
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Figure 2.21 Typical calorimetric curve for a Portland cement paste 
 
 
Figure 2.22 Early microstructural development during early cement hydration [32] 
 
2.5.2 Early hydration of tricalcium silicate 
C3S is the principal phase in Portland cement. On reaction with water CSH and CH 
are formed. Figure 2.23 shows the heat release rate monitored by isothermal 
calorimeter coupled to the Ca2+ ion concentration evolution in solution [33]. The 
typical sequence of the hydration of C3S is divided into the following five periods: 
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Figure 2.23 Solution phase analysis with the associated heat release rate [33] 
Period 0 – I “pre-induction period”: 
Immediately after putting cement particles in contact with water, initial dissolution of 
Ca2+, OH- and H2SiO42- ions occurs very rapidly. This initial reaction is high 
exothermic and lasts only a few minutes. The solution exceeds a maximum 
supersaturation with respect to CSH, which precipitates on the grain surface. CSH 
grows and may form a metastable layer [34], which effectively passivates the surface 
by restricting its access to water. Growth of CSH causes the silicate concentration in 
solution to decrease and the Ca:Si molar ratio in solution to increase. After a few 
minutes, Ca2+ ion concentration at the interface approaches the critical concentration 
(the formation of an electrical double layer [35]) and subsequently the dissolution 
rate slows down. These protective superficial layers have been described by using 
several suggested hypotheses. 
Metastable layer.  Stein and Stevels postulated that “a hydrate is formed fitting 
closely the C3S surface” [36]. The initial deceleration (period I) is provoked by the 
rapid formation of a continuous but thin metastable layer of a calcium silicate 
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hydrate phase, called CSH (m) [37], which effectively passivates the surface by 
restricting its access to water, or restricts diffusion of detaching ions away from the 
surface [38]. Schweitzer et al. measured the hydrogen depth profile at and below the 
surface using nuclear resonance reaction analysis and interpreted that the layer 
extends progressively deeper into the solid [39]. Depth profiles for hydrating C3S as 
a function of time are presented in Fig. 2.24. The high rate of C3S dissolution in the 
period of initial reaction would continue to much higher solution concentrations of 
calcium and silicates if not for the formation of the passivating hydrate layer [40]. 
 
Figure 2.24 Progression of hydrogen concentration with depth and time during the initial 
hydration for C3S [39] 
Electrical double layer.  An alternative hypothesis concerning protective superficial 
layers invokes the formation of an electrical double layer with a build-up of Ca2+ 
ions close to the surface that inhibits further dissolution [41]. The formation of the 
double layer required incongruent dissolution with Ca2+ and OH– moving rapidly into 
solution to give a charged SiO2--rich surface layer [42]. Subsequent re-adsorption of 
the Ca2+ on the now negatively charged surface creates an electrical double layer, 
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more precisely ion concentration gradient, and a positive zeta potential. Figure 2.25 
shows an initial drop of the C/S ratio of the hydrated C3S surface leading to the 
formation of a calcium-depleted layer. The electrical double layer can be divided into 
two parts: one consisting of a compact layer of ions adsorbed on the surface (the 
stern layer) and the second consisting of a diffuse double layer shown in Fig. 2.26. 
 
Figure 2.25 Change in C/S ratio of a hydrated C3S surface as a function of hydration time 
[43] 
 
Figure 2.26 Schematic representation of the charge distribution and the associated potential 
evolution [44] 
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Period II – III “induction period – acceleration period”: 
The rate of reaction is kept low during the induction period because dissolution is 
being disturbed by the presence of the protective superficial layers on cement grains. 
The rate of C3S dissolution is controlled by the rate of nucleation and growth, and 
not the other way around. Both the metastable layer hypothesis and electrical double 
layer hypothesis can explain this dependence of the dissolution rate on nucleation 
and growth. As a logical extension of the metastable layer hypothesis, nucleation and 
growth of stable CSH, called CSH (s), happen at the end of the induction period and 
are rate-controlling during the acceleration period as a metastable protective layer of 
hydrate becomes chemically unstable and subsequently exposes the highly-soluble 
and reactive surface of C3S to water. According to the electrical double layer 
hypothesis, during the induction period, the solution is progressively enriched in 
calcium and hydroxides, causing it to approach the critical supersaturation of CH. At 
the end of the induction period, the hydrates grow at a nearly exponential rate. 
During the acceleration period, massive precipitation of hydrates such as CSH and 
CH occurs and their increasing rates of growth continuously remove ions from 
solution, which must be replenished by further dissolution of C3S.  
 
Period IV – V “deceleration period”: 
The rate of reaction decreases continuously during this period and then becomes very 
low. This trend has generally been attributed to the onset of a diffusion regime across 
a dense layer of CSH formed around the anhydrous grain. The Ca2+ concentration in 
the pore solution remains at CH saturation. The transport process is assumed to be 
one of the factors controlling the hydration rate. 
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2.5.3 Early hydration of tricalcium aluminate 
In the mineral phase in Portland cement, C3A is the most reactive and have a 
significant effect on early hydration and rheology. Figure 2.27 shows the schematic 
heat flow of the C3A in presence of gypsum. C3A also reacts with water very quickly, 
but is controlled by gypsum to form calcium hydroaluminates. The first stable 
hydrate formed in stage I is ettringite (AFt). According to Holly et al. [45], the 
hydrates form a more or less permeable layer on the C3A surface that limits the 
transport of water and ions during the initial reaction. Skalny et al. [46] considered 
that the sulphate ions adsorb on C3A and block the active sites of the dissolution and 
therefore decrease the dissolution rate of C3A. The sulphate ions are continually 
consumed by the reaction to form AFt and a quasi-stationary state is established 
(stage II). After the exhaustion of the sulphate ions in solution, stage III begins, when 
the renewal of C3A dissolution and the growth of Monosulphate (AFm) occur [47]. 
 
 
Figure 2.27 Heat flow of the C3A in presence of gypsum [44] 
 
 Chapter 2 - Background 
30 
 
2.6 Early age dimensional stability 
2.6.1 General 
Deformation of a cementitious material will start as soon as water is added due to 
chemical reactions and also due to the loss of water by evaporation (if not prevented). 
The deformation can be distinguished between early-age and long-term behavior, 
where “early age” is limited to 24 h after wetting and “long term” refers to the time 
beyond. 
Especially the deformation at early age has become of great concern due to recurrent 
problems with cracking in high strength concretes and self-consolidating concretes. 
Cracks provoked by early age shrinkage are formed when materials are still in a 
plastic stage. The cracks may have widths of up to 2 mm and depths of up to 10 cm 
and may run through the whole depth of concrete structures [48]. Normally, they are 
considerably deeper and more serious than those formed by drying induced under 
hygral gradients in hardened concrete [49–51]. It is suggested that if the early-age 
shrinkage magnitude exceeds 1 mm/m, there is a high risk of cracking [52]. This 
magnitude corresponds well to the American Concrete Institute guidelines (ACI 
209-92) where it is stated that cracks may occur for shrinkage of about 0.4–1 mm/m 
[53]. The cracks caused by the early-age shrinkage are shown in Fig. 2.28.  
The reasons of early-age deformation can be described as follows; at very early age, 
in the case of Portland cement-based mortar without expansive additives, cement and 
aggregate particles settle and water rises to the surface. In a drying environment, 
evaporation of bleed water is observed. After a loss of bleed water, drying shrinkage 
and autogenous shrinkage are provoked by the formation of menisci at the surface 
and/or inside the specimen [54]. Evaporation of bleed water might be monitored as a 
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vertical movement of the mortar surface (vertical shrinkage). Drying shrinkage and 
autogenous shrinkage can be observed both in vertical deformation and horizontal 
deformation (horizontal shrinkage) [55]. 
   
Figure 2.28 Cracks labeled with blue tapes caused by the early-age shrinkage (left: close-up 
of lower left corner, right: overall view of 6 m square and 30 cm thickness) 
Slowik et al. examined water loss and deformation of cement paste and reported the 
volume change of the paste resulting from vertical strain (settlement) is equal to the 
volume of the evaporated water until 90 min after the casting (Fig 2.29). This result 
indicates that the initial vertical deformation might be evaporation of bleed water. 
After 120 min elapsed (see arrow in Fig. 2.29), the development of the cement paste 
microstructure causes the deviation of the volume change from the evaporated water 
volume. 
 
Figure 2.29 Volume changes of cement paste resulting from deformation and water loss [55] 
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2.6.2 Autogenous shrinkage 
Autogenous shrinkage was first described by Lyman in 1934 [56] as a factor 
contributing to the total shrinkage. Compared with the thermal deformations and 
drying shrinkage, this was considered to be relatively small which is why historically 
little attention has been paid to the autogenous shrinkage [57]. However, there has 
been an increase in research into autogenous shrinkage because high strength 
concrete and self-compacting concrete tend to develop a large amount of autogenous 
shrinkage, due to the low water/cement ratio (w/c ratio), and the high content of 
binder and filler material. 
Figure 2.30 shows the principle of autogenous shrinkage and chemical shrinkage for 
a cement paste under sealed conditions. Autogenous shrinkage is a chemical volume 
reduction taking place under isothermal and sealed conditions, considering the air in 
the capillary pores. Chemical shrinkage is the result of the reactions between water 
and binder such as cement and pozzolan, which lead to a volume reduction. The 
basic principle of chemical shrinkage is that the volume occupied by the hydration 
products is less than the sum of the volumes of the constituents (binder and water) 
before hydration [58]. When water reacts with cement, a maximum of 25 % of its 
initial volume is lost and thus 1 g of cement will consume about 0.24 g of water 
when fully hydrated. Hence, the chemical shrinkage amounts a maximum of 6 cm3 
per 100 g of cement reacted. Bentur et al. suggested this chemical shrinkage is 
almost linearly proportional to the degree of hydration (except for the very initial 
hydration) [59, 60] and also correlates with the strength development and the setting. 
The empty pores in mortar/concrete generate a negative pressure called capillary 
pore pressure only once the hydration commences and the mortar/concrete sets [61]. 
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Figure 2.30 Principle of autogenous and chemical shrinkage for a cement paste [62] 
2.6.3 Drying shrinkage 
The drying shrinkage refers to the volume reduction due to the loss of water to the 
surroundings, without involving the autogenous shrinkage. Water evaporation leads 
to the formation of numerous water menisci (Fig. 2.31) with a curved surface 
between the particles near the surface. Since the fluid pressure is less on the convex 
side of a meniscus than on the concave side, the creation of water menisci results in a 
negative pressure in the pore water and in contraction forces between particles [8]. 
As a consequence, the distance between the particles decreases and the paste shrinks 
[62]. These contracting capillary forces are in the inverse ratio to the meniscus radius, 
and hence the capillary tension stresses increase with decreasing pore sizes and 
interparticle spaces. 
 
Figure 2.31 The formation of water menisci due to evaporation [63] 
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2.6.4 Capillary pore pressure 
When the mortar and concrete dry out due to water evaporation, the loss of water 
from its binder paste generates negative capillary pressure, causing its binder paste to 
shrink [62], which in turn will lead to a drying shrinkage. For a cementitious material 
whose evaporation is prevented, a contracting negative capillary pressure will also 
develop, but only once the hydration commences and the structure sets. As long as 
the mortar and concrete are in the plastic state, the capillary pore pressure undergoes 
only small changes. However, at the stage where the mortar and concrete start to 
form a restraining skeleton (shortly before the initial set), the capillary pore pressure 
reaches an accelerating phase. 
The capillary pore pressure  that is generated by hydration and evaporation can be 
described by the Gauss-Laplace’s equation (Eq. 2.7), which relates the pressure to 
the capillary radius, and by the Kelvin’s equation (Eq. 2.8), which relates the 
pressure to the relative humidity (RH). The capillary pore pressure is, by definition, 
the differences between the pressures in the fluid that lies on the concave side of the 
surface (the air pressure, ) and in the other fluid (the water pressure, ) [59]. 
= − = − 2 = − 1 + 1                   [ ]                          ( . 2.7) 
ln(RH) = − 2 ×  1 + 1                                 [−]                            ( . 2.8) 
where  is the surface tension of the capillary water (~0.074 N/m);  is the mean 
curvature of the surface;  and  are the principal radii of curvature in meter;  
is the ideal gas constant (8.314 J/mol K);  is the absolute temperature in Kelvin; 
 is the molar mass of water (~0.018 kg/mol); and  is the density of water. By 
combining the two equations, setting  equal to zero (= atmospheric pressure) and 
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 equal to , the following relationship is obtained: 
= ln(RH)                  [ ]                                   ( . 2.9) 
According to Powers [8] the maximum negative capillary pore pressure, , , 
developed in a paste mixture is indirectly proportional to the w/c ratio: 
, = ⁄ × −10                 [ ]                                  ( . 2.10) 
where  is the mass specific surface area of the binder (m2/kg) measured with 
Blaine. Assuming  = 350 m2/kg, and w/c ratio 0.55, the capillary pressure 
calculated with equation (Eq. 10) will be -45 kPa, in a fully hydrated cement paste.  
  
Figure 2.32 Liquid-filled joint between solid particles [64] 
Figure 2.33 schematically shows the process of capillary pressure build-up in a 
drying suspension. Here, either cementitious or inert solid particles (such as fly ash) 
can be considered since the physical process concerning drying shrinkage takes place 
in both types of the particles. When the suspension is cast into a form, bleeding may 
occur, i.e. the solid particles may settle due to gravitational forces and a level film or 
thin layer of bleed water is formed on the surface (Fig. 2.33 A). Evaporation at the 
upper surface continuously reduces the thickness of the water film and eventually the 
near-surface particles are no longer covered by a level flat layer of water (Fig. 2.33 
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B). Adhesive forces and surface tension result in a curved water surface. Menisci are 
formed between the solid particles and a negative water pressure is built up, which is 
expressed by the Gauss-Laplace’s equation (Eq. 2.7). Consumption of pore solution 
by hydration also generates the negative water pressure [55]. 
The negative capillary pressure acts on the particle faces and causes a reduction of 
the specimen volume. The continuing capillary pressure build-up, however, cannot 
be prevented by the reduction of the interparticle distances. When a certain pressure 
is reached, the largest gaps between the particles at the surface can no longer be 
bridged by the menisci and air penetrates locally into the pore system accompanied 
by a local pressure breakdown (Fig. 2.33 C). The pressure value at the first event of 
air penetration into the pore system is referred to as the air entry value [64] or the 
breakthrough pressure [62]. Due to the irregular particle arrangement and/or local 
disturbances at the needle tip, the air does not penetrate into all the surface pores 
simultaneously. 
 
Figure 2.33 Capillary pressure built-up in a drying suspension [63] 
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3. Experimental work 
3.1 General 
The effects of mixing and pumping energies on technological properties of 
cement-based mortar were investigated and measured both on field and laboratory 
scales using various testing methods. All tests on a laboratory scale were performed 
in a 20 C˚ and 65 RH% constant temperature and humidity room. All field trials were 
performed in a 20 C˚ experiment station. Every test was repeated more than three 
times under the same conditions. 
3.2 Tests with different mixing energies at a field scale 
A continuous mode mortar mixer [65] was used to conduct a mixing test at a field 
scale. Figures 3.1 and 3.2 show a sketch and photo of the mortar mixer equipped 
with a kneading mixer, mortar hopper and snake pump etc.  
 
 
Figure 3.1 Structure of the mortar mixer 
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Figure 3.2 Mortar mixer (left) and mixing operation (right) 
 
Table 3.1 shows mechanical specifications of the mixer. A commercially available 
pre-mixed cement-based mortar, U-Grout standard type, which included PCE and 
cellulose ether thickener (CE) was tested in the field. The mix proportions of the 
commercially available mortar are shown in Table 3.2. Flow properties and 
compressive strength of the mortar mixed for 2 min and 7 min at the kneading mixer 
were measured. 
 
Table 3.1 Mechanical specifications of the mortar mixer 
Average pump discharge pressure 1.0 MPa 
Average discharge rate 35 L/min 
Rotating speed of kneading mixer 700 rpm 
Capacity of mortar hopper 70 L 
Pressure-proof hose 31.7 mm*100 m 
 
Table 3.2 Proportions in kg/t of the commercially available premixed mortar mix 
Cement Sand Polycarboxylate 
ether (PCE) 
Cellulose 
ether (CE) 
Others* Water 
389 583 0.68 0.12 27.2 160 
* expansive additives 
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3.3 Tests with different mixing energies at a laboratory scale 
3.3.1 Materials and proportions 
The proportions of the experimental cement-based mortars consisting of cement, fine 
aggregate, PCE and water are shown in Table 3.3. The proportions of the 
experimental pastes containing binder, PCE and water are shown in Table 3.4. For 
reasons of feasibility in this study, these experimental mortars and pastes were tested 
solely in the laboratory. To prepare the experimental cement-based mixes of mortars 
and pastes prior to testing, the following constituent materials were pre-mixed (dry 
and hand mixing) and subsequently mixed with water in a beaker. 
Binders: 
 Cement: CEM 1 42.5 R type by Lafarge Co., Germany 
The physical and chemical characteristics are shown in Table 3.5. 
 Fly ash (FA): Classified FA produced by Chugoku Electric Power Co., Japan 
The physical and chemical characteristics are shown in Table 3.5. 
Fine aggregates:  
 Local silicious sand, grade HB 32 (Quarzwerke Co., Germany) with a 
density of 2.55 g/cm3 
 Glass beads with a density of 2.56 g/cm3. See the particle size distribution in 
Table 3.6. 
PCE:  
 PCE Melflux 2651F (BASF Co., Germany). The PCE dose for cement was 
increased from 0.186 % (dose A) to 0.256 % (dose B) by weight. Mortars and 
pastes with PCE dose B set closer to a fully dispersed state than mortars and 
pastes with PCE dose A. 
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Water: 
 Tap water: 150 mg/L of Ca2+ ion concentration 
 Lime water: solution supersaturated with calcium hydroxide powder 
Mortar A was a basic mix used in all tests. Mortars B and B’ were set at a fully 
dispersed state (see Section 2.3.4) and were used to observe the effects of dispersion 
conditions of particles on mortar characteristics. Glass beads were used in the 
composition of mortar A’ and mortar B’ in order to inhibit the adsorption of PCE on 
the fine aggregate. Using glass beads, the behavior of PCE adsorption on cement 
particles could be clearly discussed. By using supersaturated lime solution in the 
composition of mortar C, the influence of the initial Ca2+ ion concentration in 
solution could be investigated. A cooling bath was used for mortar D to monitor the 
effects of temperature increase on mortar characteristics. The bath was set at 15 C˚ to 
inhibit the elevation of mortar temperature. To observe the effects of fine aggregates 
on the changes in fluidity and hydration kinetics caused by mixing, the properties of 
mortar were compared to those of paste. Paste C containing FA and water is a model 
material due to its particle size and shape resembling those of cement [63] and it is 
ideal for examining the results of drying shrinkage because unlike a cement particle, 
the FA particle is not hydrated. 
Table 3.3 Proportions of the experimental cement-based mortars 
Mortars Cement Aggregate PCE Water Cooling 
bath 
W/C PCE/C 
Sand Beads Tap Lime 
Unit g  % 
A 430 570 0 0.8 180 0 Without 42.0 0.186 
B 430 570 0 1.1 180 0 Without 42.0 0.256 
C 430 570 0 0.8 0 180 Without 42.0 0.186 
D 430 570 0 0.8 180 0 With 42.0 0.186 
A’ 430 0 570 0.8 180 0 Without 42.0 0.186 
B’ 430 0 570 1.1 180 0 Without 42.0 0.256 
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Table 3.4 Proportions of the experimental pastes 
Pastes Cement FA PCE Water W/C PCE/C 
Unit g % 
A 625 0 1.16 262.5 42.0 0.186 
B 625 0 1.60 262.5 42.0 0.256 
C 0 625 0 262.5 42.0 0 
Table 3.5 Physical and chemical characteristics of cement and fly ash 
 LOI Insoluble 
residue 
SiO2 Al2O3 Fe2O3 CaO SO3 Blaine Particle 
size 
Density 
% cm2/g μm g/cm3 
Cement 2.76 0.38 19.81 4.90 2.87 62.46 2.99 2960 18.7 3.08 
FA 1.86 90.03 57.25 27.69 6.25 2.56 0.21 3440 13.2 2.29 
Table 3.6 Particle size distribution of the sand and the glass beads (unit; %) 
Screen mesh (mm) Sand Beads 
>1.000 0.0 0.0 
1.000–0.500 8.0 0.0 
0.500–0.250 51.2 100.0 
0.250–0.125 29.9 0.0 
0.125–0.063 9.4 0.0 
<0.063 1.6 0.0 
 
3.3.2 Mixing methods and mixing equipment 
Most of commercially available mortars are mixed for 2 min or 3 min to obtain 
optimal fluidity. The fact remains, however, that no standard working practice exists 
for the duration of the mixing. Both poorly mixed (less than 1 min) and excessively 
mixed mortars occur on construction sites all over the world [66]. According to 
theoretics of physical dispersion mentioned in Sections 2.3.2 and 2.3.4, the time 
periods for mixing were predetermined at 1 min to reflect less mixing (dispersion), 2 
min to reflect standard (optimal) mixing and 7 min to reflect excessive mixing 
(overmixing). 
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The experimental mortars and pastes were mixed for a maximum of 7 min at 700 
rpm (middle speed) and 1100 rpm (high speed) using a chemical stirrer (IKA Co. 
products). A commercially marketed mixing blade (turbine type) used for the 
laboratory testing is shown in Fig. 3.3. 
 
 
Figure 3.3 Mixing blade used for laboratory testing 
3.4 Tests simulating different pumping energies at a field scale 
Field trials using the continuous mode mortar mixer (Fig. 3.1) were conducted in 
order to investigate the effects of pumping conditions on mortar characteristics. 
Pumping distances were predetermined at 50 m and 100 m horizontally. Rheological 
properties such as flow properties and rheometrical properties, air content and 
compressive strength were measured before and after these two ranges of pumping. 
Segregation of the mortar before/after the pumping was investigated by 
water-powder ratio and aggregate content. Testing samples were taken as soon as the 
mortar comes out of the pipe. The commercially marketed mortar described in Table 
3.2 was used. 
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3.5 Tests simulating different pumping energies at a laboratory scale 
The pressurization tests, mixing tests and sedimentation tests were carried out on a 
laboratory scale in order to clarify the reasons or mechanisms for the changes in the 
rheological properties during pumping. Rheographs were used to compare diverse 
changes in the rheological behavior caused by pumping, pressurization, mixing and 
sedimentation. A handheld electric mixer (Hitachi Koki Co.) operating with a 
rotation speed of 1100 rpm was used to mix the mortar powder with water. The 
commercially produced mortar shown in Table 3.2 was used. 
3.5.1 Pressurization test 
The effect of compressive stress was demonstrated by a pressurization test. Prior to 
pressurization, mortar powder was mixed with water in a 25 L drum for 2 min. 
Mortars were pressurized for 3 min immediately after this preparation using an 
autoclave mixing apparatus pressurized by nitrogen gas [67]. Figure 3.4 shows a 
sketch and photo of the pressurization test set-up. This testing process simulates an 
actual construction site where the mortar is mixed and horizontally pumped over a 
distance of 100 m using the continuous mode mortar mixer. The pressure values were 
predetermined at 0 MPa (without pressure), 2 MPa (normal pressure) and 3 MPa 
(excessive pressure). Rheological properties of the mortars were measured before 
and after pressurization. The testing samples were scooped from the top of the 
container after each pressurizing processes. 
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Figure 3.4 The pressurization test set-up for mortars 
3.5.2 Mixing test 
The effect of shear stress was measured by a mixing test. As the mixing progressed, 
rheological properties of the mixed mortars were measured after intervals of 1, 2 and 
7 min.  
3.5.3 Sedimentation test 
In order to investigate the effect of sedimentation following 2 min of mixing, mortars 
were left undisturbed for 3 and 5 min. Rheological properties of the mortar were 
measured after the sedentary period. 
3.6 Testing Methods 
3.6.1 Mixing energy 
The mixing energy defined as the torque during the mixing was measured using the 
software Labworldsoft® (IKA Co.) for the chemical stirrer and using torque 
detective servomotor system SVM075CK (Keyence Co.) for the handheld electric 
Mixer
Pressurized vessel
Mortar
Pressure regulator
Pressure gauge
Nitrogen gasholder
Gas regulator
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mixer. The value of torque was recorded once every second. 
3.6.2 Flow properties 
Flow properties were evaluated by flow value and J14-funnel efflux time. The flow 
value was measured using a mini-slump cone of 50 mm in diameter and 100 mm in 
height, based on EN 12706. The spread of the mortar on a flow plate was determined. 
The J14-funnel efflux time was measured based on JHS 312. The mortar was set into 
a funnel immediately after sampling. The elapsed time until the entire mortar flowed 
through it was measured as the J14-funnel efflux time. Figure 3.5 represents 
schematically a flow apparatus and J14-funnel. 
 
Figure 3.5 Schematic representation of flow apparatus (left) and J14-funnel (right) 
3.6.3 Water-Powder ratio, aggregate and air contents 
The water-powder ratio (W/P) was examined using a microwave. To calculate the 
water content in mortar, 100 g of fresh mortar was heated in the microwave at 1000 
W for 4 min. The air content was measured based on JIS A 5308. Fresh mortar was 
placed into a 1-liter chamber (brass cylinder) immediately after mixing. In order to 
test the aggregate content, 1 L of the mortar was sampled before and after pumping 
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and strained through a 75-μm screen. The mortars used for testing contained 
originally 1150 g of sand per 1 liter. 
3.6.4 Rheometric properties 
In order to observe rheometric properties such as viscosity, yield stress and storage 
elastic modulus, a physical modular compact rheometer MCR101 (Anton Paar Co.) 
was used. A concentric-cylinder system CC27/P6 was used to measure the shear 
stress response to the applied strain rate and the dispersing stability of the mortar. 
Figure 3.6 shows the rheometer, the container and the bob used for this test.  
       
 
Figure 3.6 Physical modular compact rheometer MCR101 (top-left), concentric-cylinder 
system (top-right), container and bob (bottom) 
A
B
L
A: 13.33 mm
B: 14:46 mm
L: 40.04 mm
Cone Angle: 120 ˚
Gap (B-A): 1.13 mm
Container surface: smooth
Bob surface: serrated 
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After placing mortar into the container, it was subjected to a controlled rate 
hysteresis loop where the shear rate was increased continuously from 0 to 100 s-1 
over 1 min and then immediately decelerated back to 0 s-1 over an additional 1 min. 
120 points were measured during the up and down curve (during 120 sec). Viscosity 
and yield stress were determined from the Casson’s equation (Section 2.4.3) using 
the slope of the linear region of the down curve of the hysteresis loop. For the 
oscillating rheology test, the frequency was set at 1.0 Hz and the strain was increased 
from 10-4 to 100 % logarithmically. The measured value of storage elastic modulus 
leveled off until the appearance of the structural destruction point and subsequently 
decreases. 
3.6.5 Particle size distribution 
Dispersion and agglomeration can be detected by the particle size distribution of 
cement and by FA particles suspended in solutions, which can be measured using a 
laser granulometer [68]. The particle size distribution in pastes and mortars mixed for 
predetermined periods and that in unhydrated powder were measured by using a laser 
diffraction particle size analyzer SALD-2200 (Shimadzu Co.). Mortars were 
screened by using a 75 μm steel sieve immediately after mixing and the screened 
pastes (without aggregates) were tested. Ion-exchanged water was used as a carrier 
fluid because mortars and pastes are not dispersed well in alcoholic carrier fluids. 
3.6.6 Setting time and compressive strength  
Setting time and compressive strength were measured based on EN 196. Samples 
were cured in water and tested at time intervals of 1, 3, 7 and 28 days. 
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3.6.7 Hydration kinetics 
Calorimetric tests as an index of hydration kinetics were carried out using the 
isothermal conduction calorimeter of a triple type produced by J. Kuzel [69]. Mortars 
and pastes were mixed for predetermined periods and subsequently poured into 
sample cell (external mixing method). The rate of heat evolution was monitored for 
24 h immediately after the external mixing. This calorimeter has four channels; the 
fourth is a reference one (dummy) allowing simultaneous testing of three samples. 
3.6.8 Dimensional stability 
There is no standard method to measure the early age deformation (e.g. ASTM C157 
is for long-term shrinkage). Practical dimensional measurements have been 
developed simulating field situations such as floor and slab [70–72], which can be 
used to investigate drying shrinkage, autogenous shrinkage, or both [73]. In order to 
measure horizontal and vertical movement of mortars after casting, a stainless-steel 
shrinkage drain equipped with two contactless laser sensors IL-S025 (Keyence Co. 
products) was used. Figure 3.7 shows the contactless sensor and the shrinkage drain 
whose inner walls are covered with Teflon. Maximum stroke, resolution and 
measurement accuracy of the sensor were 20 mm, 0.1 μm and 1.0 μm, respectively 
[74]. The shrinkage drain has a 25-cm length and a rectangular cross section of 30 
mm by 40 mm. 
One laser sensor was set to monitor the horizontal movement of the end rod 
embedded in the casted mortar (Fig. 3.8). The other sensor was situated above 
specimens and its laser beam was directed at the surface of the specimen (Fig. 3.9). 
These measurements can indicate combined movement provoked by evaporation and 
hydration etc. These deformations were monitored continually during the 24 h 
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immediately after casting. The measurements were taken with and without a sealed 
cover over the mortar. For this procedure, the mortar surface was overlaid with a 
stainless-steel plate that did not touch the mortar surface and subsequently the 
covered drain was sealed using a polyethylene film. 
 
    
Figure 3.7 Stainless-steel shrinkage drain (left) and contactless laser sensor (right) 
 
    
Figure 3.8 Horizontal shrinkage measurement 
 
    
Figure 3.9 Vertical shrinkage measurement (left) and laser setup (right, [75]) 
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3.6.9 Capillary pore pressure 
Capillary pore pressure was monitored with a pressure transducer AP-10S (Keyence 
Co.) whose measurement range was ± 100 kPa, connected to a de-aired water filled 
system with a 50-mm long needle (cannula type) having an external/internal diameter 
of 0.7/0.4 mm [62]. A stainless-steel mould with a 25-cm length and rectangular 
cross section of 30 mm by 40 mm (identical to the mould in the shrinkage test) was 
used and the measurements were performed with and without a sealed cover. The 
data were logged every minute using a data logger TR-V500 (Keyence Co.). Figure 
3.10 shows the pore pressure transducer. 
       
 
Figure 3.10 Photo and schematic illustration of pore pressure transducer 
3.6.10 Water loss 
In order to investigate the evaporation rate from the mortar surface, the water loss of 
uncovered mortars was measured continually using an electric balance GX-8K 
(A&D Co.) during the 24 h immediately after casting. This mortar in the 
stainless-steel mould and rectangular cross section  were subjected to the same 
Pressure gauge
Needle
L 50 / Ф 0.4 mm
De-aired 
water filled 
system
Mortar
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environmental conditions as the mortar sample used for measuring shrinkage.  
3.6.11 Pore size distribution 
Pore size distribution of hardened mortar was investigated by using a mercury 
intrusion technique with a Autoscan 33 Porosimeter (Quantachrome Co.). Mercury 
intrusion porosimetry (MIP) is a widely-used method for measuring the pore size 
distribution of porous media. It is based on the fact that in order to squeeze out a 
non-wetting fluid in a pore of a diameter , a pressure  inversely proportional to 
the diameter of this pore, must be applied. For a cylindrical pore, this pressure is 
given by the Washburn relation: = −4 cos              [Pa]               ( . 3.1) 
Where  is the surface tension of the liquid and  is the contact angle in degrees. 
The contact angle was taken as 140˚. Samples mixed at 700 rpm were D-dried [76] 
immediately after final set and one day elapsed. 
3.6.12 Surface tension 
The surface tension of the centrifuged water (solution phase) was measured by plate 
method (Wilhelmy method) using an automatic surface tension meter CBVP-Z 
(Kyowa Interface Science Co.). The testing solution was separated by the 
centrifugation at 3000 rpm and 1880 G for 10 min from each sample immediately 
after mixing for predetermined periods. 
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3.6.13 Weight loss using TG/DTA 
In order to quantify the precipitated amount of hydrates, thermal analysis thermo 
gravimetry/differential thermal analysis (TG/DTA) was conducted using a 
differential thermogravimetric analyzer SSC 5200 (SII Co. products) with a 
resolution of 0.01 mg. A type R thermocouple (Pt–13% Rh/Pt) was used to take 
temperature measurements in this instrument. The experimental conditions involved: 
a N2 gas dynamic atmosphere of 100 ml min-1, a heating rate of 10 °C min-1 and a 
platinum top-opened crucible. Alumina powder was used as the reference material 
[77]. TG/DTA was done simultaneously. The samples were heated in the range of 
20–1000 °C at a constant rate. Hydrates were estimated from the weight loss 
measured in the TG curve between the initial and final temperature of the 
corresponding TG peak. 
In order to measure weight loss, mortars and pastes were hydrated for 0 min 
(immediately after the mixing), 3 h and 9 h, then frozen by immersion in liquid 
nitrogen and subsequently placed in a freeze drier overnight (F-drying method) [76]) 
For the prevention of carbonation and maintenance of relative humidity, all 
specimens were stored under vacuum until the start of the test. The TG/DTA curves 
for unhydrated cement serving as reference and for mortar A freeze-dried 
immediately after 2 min of mixing are shown in Figs. 3.11 and 3.12, respectively. 
From these curves, it can be seen that each curve consists of three zones [78–80]: 
 Zone A: 20–360 °C: dehydration of initial hydrates (CSH and AFt) 
 Zone B: 360–430 °C: dehydroxylation of calcium hydroxide (CH) 
 Zone C: 430–710 °C: decarbonation of calcium carbonate (CaCO3) 
The amount of precipitated hydrates associated with the increase in mixing durations 
was obtained from the difference between the reference and results in each mixing 
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time and hydration time. 
 
Figure 3.11 TG/DTA curves for unhydrated cement 
 
Figure 3.12 TG/DTA curves for mortar A immediately after 2 min of mixing 
3.6.14 Total organic carbon 
The amount of adsorbed PCE and residual PCE in the solution phase was 
investigated using a total organic carbon (TOC) meter TOC-5000A (Shimadzu Co.). 
The solution phase was separated from mortars and pastes immediately after their 
preparation by the centrifugation at 3000 rpm and 1880 G for 10 min, and then the 
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supernatant solution was filtered with a 0.45μm membrane-filter and neutralized with 
dilute hydrochloric acid. The amount of adsorbed PCE is calculated as the difference 
between the originally in the paste/mortar dissolved organic material (PCE) and the 
measured TOC value, which represents the residual (remaining) PCE in solution after 
mixing and sedimentation, respectively. The measured TOC was corrected by a blind 
value representing TOC in a pure paste/mortar without PCE. The PCE contains 
48.2 % of TOC. More details of this calculation is written in section 8.3. 
3.6.15 BET specific surface area 
BET specific surface areas (SBET) were determined by the volumetric gas adsorption 
technique using an automatic surface area analyser BELSORP-mini (BEL Japan Co.). 
Freeze-dried samples immediately after mixing for predetermined periods were used 
for the SBET analysis. Prior to the test, Nitrogen purging was conducted for 3 h (N2 
gas was kept at 40 °C). 
3.6.16 Energy dispersive X-ray detector – Scanning electron microscopy  
Scanning electron microscopy (SEM) has become a very versatile tool for the study 
of microstructure and hydration progress. Energy dispersive X-ray detector (EDX) – 
SEM images were analysed by using a FEI XL 30 environmental scanning electron 
microscope with field emission gun (ESEM FEG). It is capable of giving a spot 
chemical analysis of cementitious systems, which appears to be just of a qualitative 
nature; no definite quantitative results should be expected due to high variation in 
material from point to point in cement-based systems. Through this test, the 
hydration process of samples was terminated by D-drying after the final set and one 
day of curing. 
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3.6.17 In-situ XRD 
To analyse hydrate precipitation as a function of time qualitatively and quantitatively, 
in-situ X-ray tests were carried out. XRD patterns were measured with a X'PERT Pro 
MPD PW 3040/60 diffractometer (PANalytical Co.) by a reflection method with a 
fast detector in order to check continuously the hydrate formation after mixing. A 
diffraction pattern was acquired by the reflection method every 5 min during the first 
24 h of hydration. 
The phase quantification procedure involved the identification of major and minor 
phases using the Topas Academic software and a subsequent quantitative phase 
analysis of all data sets by the full Rietveld method. The refining parameters were: 
background, cell parameters, crystallite size and preferred orientation. The positional 
and temperature parameters were not refined. After the refining procedure, the 
masses of all present crystalline phases, apart from the quartz phase, add up to 100%. 
    
Figure 3.13 X-ray diffractometer (left) and its sample holder (right) 
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4. Results 
4.1 Effects of mixing energies at a field scale 
Table 4.1 shows flow properties, compressive strength and temperature of the 
commercially available mortar (see Table 3.2) as a function of the elapsed mixing 
time (hereafter referred to as simply “mixing time”) using a kneading mixer. Efflux 
time and mortar temperature increased and flow value decreased with an increase in 
the mixing period. As the mixing time became longer, compressive strength after 3 
days did increase, although this process of strength gain slowed down between 3 
days and 28 days. These differences in fluidity and compressive strength caused by 
the mortar preparation could indicate changes in hydration processes, microstructures 
and adsorption behavior of PCE/CE.  
Table 4.1 Characteristics of the mortars mixed with kneading mixer for 2 min and 7 min 
Mixing 
time  
Flow properties Compressive strength  Mortar 
temperature Efflux time  Flow value 3 days 28 days 
(min) (sec) (mm) (N/mm2) (˚C) 
2 8.0 229 36.1 52.8 22.8 
7 9.5 189 42.0 55.0 24.9 
4.2 Effects of mixing energies at a laboratory scale 
4.2.1 Mixing energy 
Figure 4.1 shows the mixing energy for mortars A, B and D as a function of mixing 
time, where the rotation speed of the stirrer was set at 700 rpm. The mixing energies 
increased to a maximum value immediately after putting mortar powders into water 
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and thereafter decreased. Compared to mortar A, the mixing energies of the fully 
dispersed mortar (mortar B) and the cooled mortar (mortar D) decreased slightly. 
Figure 4.2 shows mixing energies expended during the mixing of mortar A and paste 
A at 700 rpm and 1100 rpm as a function of mixing time. At the higher mixing speed 
(1100 rpm), the mixing energy was much greater. The mixing energy used for paste A 
was substantially lower – up to approximately 30% – than that used for mortar A. 
 
  
Figure 4.1 Mixing energy for mortars A, B and D as a function of mixing time 
 
Figure 4.2 Mixing energy for mortar A and paste A as a function of mixing time 
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4.2.2 Temperature, flow properties and air contents 
Figure 4.3 shows the temperature increase of mortars A–D as a function of mixing 
time at 700 rpm. The temperature of mortar A increased as the mixing period became 
longer. However, the temperature of mortar D stayed constant at about 20 ˚C due to 
the cooling bath. The author reported this temperature increase is frictional heat 
generated by shearing actions [81]. Compared to mortar A, the temperature increase 
of mortar C was slightly lower. The temperature increase of mortar B was also 
smaller than that of mortar A and could be due to its lower viscosity in the presence 
of excessive PCE, which reduces the inter-particle frictions in suspension. 
 
Figure 4.3 Temperature increase of mortars A–D as a function of mixing time 
Figure 4.4 shows the temperature increase of mortars A’ and B’ (left) and pastes A–C 
(right) as a function of mixing time with different rotation speeds. Not only longer 
mixing durations but also at a higher mixing speed, the mortar and paste 
temperatures notably increased. Compared to the pastes, the temperature rise in the 
mortars became more pronounced due to the presence of aggregate particles, which 
generate more inter-particle frictions. The temperature increase of the FA-based paste 
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C devoid of PCE was higher than that of the cement-based pastes A and B containing 
PCE, as the absence of PCE increased inter-particle frictions. 
  
Figure 4.4 Temperature increase of mortars A’ and B’ (left) and pastes A–C (right) as a 
function of mixing time 
Table 4.2 shows the flow properties and air contents of mortars A–D as a function of 
mixing time at 700 rpm. Flow value was measured immediately after mixing (t0) and 
5 min after filling the flow cone (t5). The flow value decreased and the efflux time 
increased with an increase in mixing durations. However, the flow ability improved 
when the procedure included a cooling bath (mortar D) and/or supersaturated lime 
solution (mortar C) and/or excessive PCE dose (mortar B). 
In comparing the mortar mixed for 7 min to the mortar settled for 5 min after 2 min 
of mixing, the mixing duration exhibited a more pronounced influence on flow 
properties and air contents. This observation suggests it is not sedimentation (while 
mortars are settling) but mixing causing changes in the fluidity. Air content also 
decreased as the mixing time increased; this decrease in air content could lead to a 
loss in fluidity [82]. 
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Table 4.2 Flow properties and air contents of mortars A–D as a function of mixing time 
 Mortar A Mortar B Mortar C Mortar D 
Mixing time (min) 1 2 7 2 7 2 7 2 7 
Flow value (t0) 
(mm) 
249 249 138 278 252 254 233 251 168 
Flow value (t5) 
(mm) 
241 220 127 280 240 252 210 249 161 
Efflux time (sec) 6.5 6.6 9.1 4.3 6.4 6.6 8.0 6.4 7.7 
Air content (%) 3.0 2.7 1.8 2.3 1.5 2.8 1.9 2.7 1.9 
 
The effects of mixing speeds and mixing periods on flow values of mortars A’ and B’ 
and pastes A–C are shown in Fig. 4.5. Mixing speeds were set at 700 rpm and 1100 
rpm. Flow values decreased with an extended mixing period and a higher rotation 
speed, whereas the degradation rate of mortar B was lower than that of mortar A. 
Unlike in the case of mortars, a significant decrease in the flow values of pastes A 
and B did not occur. Paste C was dispersed well and its flow value increased with a 
lengthened mixing time. 
 
Figure 4.5 Flow values of mortars A’ and B’ (left) and pastes A–C (right) as a function of 
mixing time at different rotation speeds 
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4.2.3 Particle size distribution 
The cumulative distribution of cement particles in paste A and mortar A are plotted in 
Figs. 4.6 and 4.7, respectively. Figure 4.8 shows the cumulative distribution of FA 
particles in paste C. The pastes A and C and the mortar A were each mixed for a 
maximum of 7 min at 700 rpm. The distribution of particles prior to mixing 
(indicated in the legend as cement powder and fly ash powder) represents a fully 
dispersed condition. With an optimal mixing duration of 2 min, the particle size 
distribution of mortar A and paste A indicated an almost fully dispersed state. As each 
mortar and paste was further mixed to a maximum of 7 min, their fully dispersed 
state changed to a condition of reaggregation. The cumulative distribution of FA 
particles in paste C, contrastingly, approached a fully dispersed state with longer 
mixing durations. 
 
Figure 4.6 Particle size distribution of paste A 
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Figure 4.7 Particle size distribution of mortar A 
 
Figure 4.8 Particle size distribution of paste C 
4.2.4 Storage elastic modulus 
Figures 4.9–4.11 show storage elastic modulus as a function of the applied strain in 
mortars A, B and paste C, respectively. The mortars and the paste were mixed for 2 
min and 7 min at 700 rpm. 
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destruction occurred at lower strain area as mixing time became longer. According to 
the theoretics stated in Section 2.4.4, this result indicates that longer-mixed mortars 
have higher elasticity (lower fluidity) and lower dispersibility. In comparison with 
mortars A, the storage elastic modulus of mortar B decreased and structure 
destruction occurred at higher strain area. 
The effect of the longer mixing period on paste C showed an opposite trend. That is, 
as paste C was mixed for a longer duration, its storage elastic modulus at a given 
strain decreased and structure destruction occurred at higher strain area. Inorganic 
particles such as FA without a dispersing agent can be held in suspension during 
mixing until the already dispersed particles are reaggregated. Figure 4.8 indicates 
that the reaggregation of FA particles in paste does not occur in less than 7 min of 
mixing. 
 
 
Figure 4.9 Storage elastic modulus of mortar A as a function of the applied strain 
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Figure 4.10 Storage elastic modulus of mortar B as a function of the applied strain 
 
Figure 4.11 Storage elastic modulus of paste C as a function of the applied strain 
4.2.5 Setting time and compressive strength 
Setting times and compressive strength data of mortars A–C are shown in Table 4.3. 
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and 3 days, the early compressive strength increased. In contrast, every sample 
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exhibited approximately equal process of strength gain between 7 days and 28 days. 
The presence of excessive PCE (mortar B) extended the setting time and increased 
the compressive strength. Compared to mortar A, the acceleration of setting time and 
increase of compressive strength became less pronounced in mortar C.  
Table 4.3 Setting times and compressive strength data of mortars A–C 
 Mortar A Mortar B Mortar C 
Mixing time (min) 1 2 7 2 7 2 7 
Mixing speed (rpm) 700 700 700 700 700 700 700 
Setting time 
(h:min) 
Initial set 6:10 5:50 4:45 6:40 5:25 6:00 5:35 
Final set 8:00 7:45 6:45 8:50 7:20 7:55 7:05 
Compressive 
strength 
(N/mm2) 
 
1 day 20.0 22.0 23.4 20.0 26.3 23.2 23.7 
3 days 33.7 40.2 40.2 40.9 43.0 41.6 42.3 
7 days 47.8 50.9 49.7 54.1 55.9 53.2 52.9 
28 days 57.2 58.8 56.8 62.1 63.2 59.9 57.0 
4.2.6 Hydration kinetics 
Heat release rates of mortar A as a function of time are plotted in Fig. 4.12 for mixing 
periods of 1 min, 2 min and 7 min and at a mixing speed of 700 rpm. With increasing 
mixing time, the start of massive precipitation (beginning of accelerated period) was 
advanced and the second peak of the heat release curves increased. After the second 
peak of the curves, the deceleration of the heat release rate became more pronounced 
in the mortar mixed for longer periods. Figure 4.13 represents heat release curves 0 
through 2 h as a function of time (a close-up view of the initial dissolution). The 
initial dissolution rate at any given time became more pronounced as mixing time 
periods became longer. 
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Figure 4.12 Heat release rate of mortar A as 
a function of mixing time 
 
Figure 4.13 Heat release curves 0 through 2 
h as a function of time 
Figure 4.14 demonstrates the heat release rates of mortars A and D mixed for 2 min 
and 7 min at 700 rpm as a function of time. There was a difference in the initial 
temperature measured immediately after mixing (Fig. 4.3) between mortars A and D, 
however, the heat release curves did not change irrespective of whether there was a 
cooling bath (even during initial dissolution). This indicates that hydration is 
accelerated due to the duration of mixing and not due to rises in the initial mortar 
temperature. 
    
Figure 4.14 Differences of heat release rate between mortars A and D as a function of time  
(left: initial dissolution, right: 0 through 24 h) 
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Figures 4.15 and 4.16 show heat release rates as a function of time of mortars A and 
C, mixed for 2 min and 7 min and at a mixing speed of 700 rpm. Compared to mortar 
A, mortar C exhibited a decrease in its second peak value and a decrease in the initial 
dissolution rate. Mixing times did not affect the heat release rate during the initial 
dissolution and the induction period in mortar C. There were differences, however, in 
the onset of the acceleration period and the second peak occurring in the period 
between 2 to 7 min of mixing mortar C. 
 
Figure 4.15 Heat release rate of mortars A 
and C as a function of mixing time 
 
Figure 4.16 Initial dissolution of mortars A 
and C 
The heat release rates of mortars A’ and B’ as a function of time are plotted in Fig. 
4.17. Mixing periods were set at 2 min and 7 min and mixing speeds at 700 rpm and 
1100 rpm. Mixing speeds as well as mixing durations affected the hydration kinetics, 
for instance, the beginning of the acceleration period was advanced and the second 
peak of the curves increased with a higher mixing speed. A large amount of adsorbed 
PCE retarded the start of massive hydration, however, hydration acceleration by 
excessive mixing can be still observed in mortar B’. Figure 4.18 shows the heat 
release rates of pastes A and B as a function of time. Compared to mortars, the effects 
of mixing energy were less pronounced in pastes. 
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Figure 4.17 Heat release rate of mortars A’ (left) and B’ (right) as a function of time 
    
Figure 4.18 Heat release rate of pastes A (left) and B (right) as a function of time 
4.2.7 Dimensional stability 
In order to investigate the behaviors of drying shrinkage and autogenous shrinkage, 
the horizontal shrinkage of mortar A as a function of time was measured under 
various sealed conditions (Fig. 4.19). Hereafter, the terms “covered” and “sealed” are 
used interchangeably to describe the covered conditions (as described in Section 
3.6.8). These conditions for covering the mortar were predetermined as described in 
Table 4.4. 
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Table 4.4 Description of the experimental conditions for covering the mortar surfaces. Most 
of the shrinkage tests (except those in Figs. 4.19 and 4.30) were conducted under 
continuously covered or uncovered conditions 
 
Condition Description of covered/sealed condition of the mortar surface 
1 Continuously uncovered: It is open and exposed to the air without 
interruption during the entire measurement. Water evaporation from the 
mortar surface occurs. 
2 Covered until the initial set: The mortar surface and drain are sealed 
immediately after casting and the sealed cover is removed after the initial set. 
3 Covered until the final set: The mortar surface and drain are sealed 
immediately after casting and the sealed cover is removed after the final set. 
4 Continuously covered: The mortar is sealed without interruption during the 
entire measurement. 
Both drying shrinkage and autogenous shrinkage can be observed in mortars 
produced under conditions 1–3 and only autogenous shrinkage can be measured 
under condition 4. Although uncovered mortar did show about 600 μm of shrinkage 
until the initial set, shrinkage of covered mortar (conditions 2–4) was almost zero 
until the initial set. This result exemplifies most stages in horizontal deformation 
before the initial set, which is mainly due to drying shrinkage caused by the 
formation of menisci that generate the attracting force (capillary pore pressure) [83].  
The shrinkage curve of a continuously uncovered mortar shows a “distinct kink” at 
the beginning when the curve decreases steeply. The kink appears in the period 
between the initial set and the final set as mortar intergrades from a plastic to rigid 
state. Esping reported findings similar to Fig. 4.20 [84], which illustrates a model of 
how the deformation parameters are evaluated from the linear deformation 
measurements, where the deformation is divided into plastic/semiplastic/rigid 
periods.  
After the final set, the magnitude of drying shrinkage became smaller as a skeleton 
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was formed and became increasingly strong. In contrast, autgenous shrinkage 
increased. The shrinkage of uncovered mortar was 5 times larger than covered mortar 
at the end of measurements (after 24 h). 
 
 
Figure 4.19 Horizontal shrinkage of mortar A as a function of time and under various 
covered conditions 
 
 
Figure 4.20 Deformation pattern of a Portland cement-based concrete [84] 
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Horizontal shrinkages of mortar A with and without a cover after 1 min, 2 min and 7 
min of mixing at 700 rpm as a function of time are shown in Figs. 4.21 and 4.22, 
respectively. In comparing these, it is evident that uncovered shrinkage always 
exceeded covered shrinkage. All horizontal shrinkage curves of mortar without a 
cover show the distinct kink between the initial set and the final set. Compared to 
covered mortar, horizontal shrinkage starts earlier in uncovered mortar. This finding 
indicates drying shrinkage is generated earlier than autogenous shrinkage. Regardless 
of the absence or presence of the mortar cover, the onset of the horizontal shrinkage 
commenced earlier and both horizontal shrinkage before and after the kink increased 
as the length of mixing time increased. 
 
 
Figure 4.21 Horizontal shrinkage of mortar 
A with cover as a function of time 
 
Figure 4.22 Horizontal shrinkage of mortar 
A without cover as a function of time 
Figure 4.23 shows both horizontal and vertical shrinkage in the covered mortar A 
after 2 min and 7 min of mixing at 700 rpm as a function of time. Vertical shrinkage 
increased immediately after the casting and this increasing rate greatly slows down 
after differentiated periods prior to the initial set. Thereafter, horizontal shrinkage 
increased. Compared to the vertical shrinkage of the mortar after 2 min of mixing, 
the mortar after 7 min of mixing showed smaller vertical movement. There was little 
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difference in the onset of the vertical shrinkage between mortars mixed for 2 min and 
those for 7 min. 
 
 
Figure 4.23 Horizontal and vertical shrinkage of covered mortar A at early age 
 
Figure 4.24 shows both horizontal and vertical shrinkage in the uncovered mortar A 
after 2 min and 7 min of mixing at 700 rpm as a function of time. Vertical shrinkage 
increased significantly immediately after the casting and horizontal shrinkage 
increased afterwards. Vertical shrinkage of the mortar mixed for 7 min was smaller 
than that of the mortar mixed for 2 min. These are almost the same trends as 
observed with mortars tested under continuously covered conditions, but the amount 
of shrinkage is larger in this uncovered case.  
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Figure 4.24 Horizontal and vertical shrinkage of uncovered mortar A at early age 
Figures 4.25 and 4.26 indicate the difference between uncovered mortars A and B in 
horizontal shrinkage and vertical shrinkage, respectively. These mortars were mixed 
for 2 min and 7 min at 700 rpm. By using the supersaturated PCE dose (dose B) 
horizontal shrinkage was decreased and vertical shrinkage was increased. Prolonged 
mixing increased horizontal shrinkage and decreased vertical shrinkage, even in 
mortar B. 
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Figure 4.25 Difference in horizontal shrinkage between uncovered mortars A and B as a 
function of time 
 
Figure 4.26 Difference in vertical shrinkage between uncovered mortars A and B as a 
function of time 
Figure 4.27 shows differences in horizontal shrinkage between mortars A and D 
without a cover as a function of time. Mortars were mixed for 2 min and 7 min at 700 
rpm. The mortars mixed with the cooling bath (mortar D) exhibited less shrinkage. 
This difference in behavior appeared more pronounced at the plastic period, i.e. 
before the kink. 
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Figure 4.27 Differences in horizontal shrinkage between uncovered mortars A and D as a 
function of time 
The effects of water on horizontal shrinkage of covered mortars A and C are 
represented in Fig. 4.28. In comparison with mortar A, the autogenous shrinkage of 
mortar C mixed with lime solution decreased and the influence of lengthened mixing 
period on the autogenous shrinkage became less pronounced. 
 
Figure 4.28 Differences in horizontal shrinkage between covered mortars A and C as a 
function of time 
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Figure 4.29 indicates horizontal shrinkage and vertical shrinkage of the uncovered 
paste C after 1 min, 2 min and 7 min of mixing at 700 rpm as a function of time. As 
in the case of the mortar A (Fig. 4.24), vertical shrinkage increased significantly from 
the beginning of the measurement and subsequently horizontal shrinkage became 
more pronounced after the increasing rate of vertical shrinkage slowed down. 
However, the mixing durations resulted in opposite changes: horizontal shrinkage 
decreased and vertical shrinkage increased with a lengthened mixing period. 
 
Figure 4.29 Horizontal shrinkage and vertical shrinkage of paste C as a function of time  
4.2.8 Capillary pore pressure 
Figure 4.30 shows the capillary pore pressure builds up corresponding to the 
shrinkage of mortar A under various covered conditions (same conditions as Fig. 
4.19). The capillary pore pressure of uncovered mortar was generated when menisci 
were formed at mortar surface and then increased until the breakthrough point 
(Section 2.6.4). According to a past study [83], menisci were formed within a few 
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hours after the casting. For covered mortars under condition 2, pore pressure 
increased immediately after removing the cover. In all covered conditions, pore 
pressure increased from the onset of massive hydration (a little before the initial set) 
and continued to rise over time. These findings show that the generation and increase 
of capillary pore pressure coincides with the shrinkage behavior. 
 
Figure 4.30 Capillary pore pressure of mortar A in various covered conditions as a function 
of time 
Figures 4.31 and 4.32 show capillary pore pressure of mortar A with and without the 
cover as a function of time, respectively. The mortar was mixed for 2 min and 7 min 
at 700 rpm. Regardless of the absence or presence of the cover, as mixing time 
became longer, the onset of the capillary pore pressure commenced earlier and the 
capillary pore pressure at a given time increased during its building-up period. 
Compared to covered mortars, the onset of capillary pore pressure commenced 
earlier and the pressure value increased in uncovered mortars. 
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Figure 4.31 Capillary pore pressure of covered mortar A as a function of time 
 
Figure 4.32 Capillary pore pressure of uncovered mortar A as a function of time 
Figures 4.33 shows the capillary pore pressure of the uncovered mortars A and B 
mixed for 2 min at 700 rpm as a function of time. Pore pressure value at a given time 
was decreased and the onset of the pore pressure was retarded with the excessive 
PCE dose.  
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Figure 4.33 Differences in pore pressure between uncovered mortars A and B  
Figure 4.34 shows the capillary pore pressure of the uncovered paste C after 1 min, 2 
min and 7 min of the mixing at 700 rpm as a function of time. Pore pressure was 
generated immediately after the casting and its value at a given time decreased with 
extended mixing durations. This observation corresponds to the shrinkage behavior 
shown in Fig. 4.29. 
 
Figure 4.34 Pore pressure of paste C as a function of time 
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4.2.9 Water loss 
Figure 4.35 shows the water loss of mortar A in various covered conditions as a 
function of time. Evaporation from the mortar surface started immediately after the 
casting (condition 1) or removing the cover (conditions 2 and 3). Water mass loss 
due to evaporation underwent a gradual transition from linear to non-linear with 
development of microstructure. There was little difference in each gradient of water 
loss curves between conditions 1–3. 
 
Figure 4.35 Water loss of mortar A in various covered conditions as a function of time 
Figure 4.36 shows the water loss of mortar A after 2 min and 7 min of mixing at 700 
rpm as a function of time. Water loss decreased with extended mixing durations. 
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Figure 4.36 Water loss of mortar A mixed for 2 min and 7 min as a function of time 
Figure 4.37 shows the difference in water loss between the uncovered mortars A and 
B mixed for 2 min at 700 rpm as a function of time. Water loss increased with an 
excessive dose of PCE. 
 
 
Figure 4.37 Difference in water loss between mortars A and B  
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Figure 4.38 shows the water loss of the uncovered paste C after 1 min, 2 min and 7 
min of mixing at 700 rpm as a function of time. The water mass loss due to 
evaporation increased proportionally as a function of time because FA particles in the 
paste are not reactive (not hydrated). Water loss increased with extended mixing 
durations. 
 
  
Figure 4.38 Water loss of paste C as a function of time 
 
4.2.10 Pore size distribution 
Figures 4.39 and 4.40 represent the effects of mixing durations on pore size 
distribution of the hardened mortar A. The investigation of the mortar hydrated until 
the final set revealed that the cumulative pore volume increased with an extended 
mixing time. Particularly, there were microscopic pores of less than 10 nm in the 
mortar mixed for 7 min. After 1 day of curing, the cumulative pore volume decreased 
with increasing mixing durations due to a decrease in large pores of 100–1000 nm. 
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Figure 4.39 Cumulative volume of pore diameter (left: at final set, right: after 1 day) 
 
Figure 4.40 Incremental volume of pore diameter (left: at final set, right: after 1 day) 
4.2.11 TOC, surface tension and BET specific surface area 
Table 4.5 shows the amount of residual PCE per 1 L of mixing water, adsorbed PCE 
per 1 g of cement, the SBET of cement particles, the adsorbed amount of PCE per unit 
SBET and surface tension measured by using the following samples: mortars A, C, A’, 
B’ and paste A — each mixed for a maximum of 7 min, and also mortar A mixed for 
1 min followed by a resting (settling) period of up to 6 min (when mortar A settled). 
The mixing speed was set at 700 rpm.  
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Table 4.5 Adsorbed and residual amount of PCE, SBET, adsorbed amount of PCE per unit 
SBET and surface tension values 
 Mixing/Sed
-imentation 
time 
PCE 
dose 
Residual 
PCE 
Adsorbed 
PCE 
SBET Adsorbed 
PCE per 
SBET 
Surface 
tension 
(min) (mgTOC/Lwater) (mgTOC/gcement) (m2/gcement) (mgTOC/m2) (mN/m) 
Mortar 
A 
1 2143 407 0.69 2.10 0.33 46.8 
2 367 0.70 2.20 0.32 46.9 
7 235 0.76 3.83 0.20 47.3 
Mortar 
C 
1 895 0.48 1.88 0.26 46.3 
2 743 0.55 1.89 0.29 46.4 
7 687 0.57 2.73 0.21 46.8 
Mortar 
A’ 
1 425 0.71 1.78 0.40 46.6 
2 410 0.71 1.93 0.37 47.1 
7 271 0.77 4.11 0.19 47.5 
Mortar 
B’ 
1 2946 976 0.81 1.82 0.45 46.1 
2 938 0.83 2.18 0.38 46.0 
7 885 0.85 2.86 0.30 46.3 
Paste A 1 2136 732 0.59 1.55 0.38 46.4 
2 714 0.60 1.80 0.33 46.4 
7 694 0.61 2.00 0.30 46.4 
Mortar 
A 
settled 
0 2143 403 0.69 2.08 0.33 46.7 
1 398 0.69 2.12 0.33 46.7 
6 350 0.71 2.20 0.32 46.7 
With longer mixing periods, the adsorbed amount of PCE increased and thereby the 
residual amount of PCE decreased in each sample. As the sedimentation period 
became longer, the amount of PCE adsorption slightly increased. Whereas extended 
mixing time increased significantly the SBET of cement particles, sedimentation 
increased it only slightly. Due to the pronounced increase in SBET (creation of new 
surfaces by the formation of hydrates or pre-hydrates), the adsorbed amount of PCE 
per unit SBET decreased as a function of mixing time. Less PCE adsorption could 
explain a decreasing degree of dispersion and hence reagglomeration and 
degradation of rheological properties. Sedimentation while the material was at rest 
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showed little changes in adsorption of PCE per unit SBET. Compared to mortar A’, the 
adsorbed amount of PCE and residual amount of PCE in mortar B’ increased, 
however, the difference of the residual amount of PCE between 1 min (less mixing) 
and 7 min (excessive mixing) decreased in mortar B’. Even in fully dispersed mortar 
(mortar B’), the SBET value increased with lengthened mixing durations (the same 
trend as mortar A’). More PCE was adsorbed in mortar A than in mortar C and paste 
A. Compared to mortar A, the increase of SBET and the decrease of adsorbed PCE 
amount per unit SBET by the mixing action became less pronounced in mortar C and 
paste A. 
There was little change in the surface tension of each mortar and paste because both 
PCE doses A and B were more than the critical micelle concentration (CMC) value 
of the PCE. 
4.2.12 Weight loss using TG/DTA 
Figures 4.41–4.43 show the weight loss of mortars A, C and paste A occurring in 
each temperature zone of the TG/DTA curves and each mixing period, respectively. 
The mortars and paste mixed for 2 min and 7 min at 700 rpm were F-dried 
immediately after the mixing and after 3 h and 9 h had elapsed. Examining mortar A 
immediately after the mixing and after 3 h, it was evident that the weight loss in zone 
A corresponded with the precipitation of initial hydrates as the mixing time became 
longer. After 9 h, the weight loss in zone A, as well as zone B corresponded with the 
precipitation of CH and became more pronounced as the mixing period lengthened.  
For mortar C and paste A, immediately after mixing and after 3 h, the weight loss in 
zone A increased imperceptibly as mixing time became longer. Compared to mortar 
A, the weight loss in each zone was lower especially in paste A. 
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Precipitation of CaCO3 (zone C) also increased with time, whereas there was little 
difference between 2 min of mixing and 7 min of mixing in each sample. 
 
 
Figure 4.41 Weight loss according to the zones of the TG/DTA curves in mortar A 
 
 
Figure 4.42 Weight loss according to the zones of the TG/DTA curves in mortar C 
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Figure 4.43 Weight loss according to the zones of the TG/DTA curves in paste A 
4.2.13 EDX-SEM 
To determine differences in structures and crystal conditions, SEM images were 
observed for fracture cross sections on hardened samples of mortar A mixed for 1 
min and 7 min at 700 rpm. Figure 4.44 shows hydrates in mortar A cured until the 
final set. Figures 4.45 and 4.46 show hydrates in mortar A cured for 1 day. Chemical 
compositions of these hydrates were analysed using EDX microanalysis on cross 
sections, as shown in Table 4.6. Relatively large, plate-like hydrates with a high 
proportion of Ca, as shown in Figs. 4.45 (left) and 4.46 (left), can be identified as CH. 
The needle-like hydrates in Figs. 4.45 (right) and 4.46 (right) can be identified as 
calcium aluminate silicate hydrate and ettringite. With longer mixing times, the shape 
of hydration product crystals became well pronounced and enlarged, although the Ca 
content in CH decreased and SO3 and Al contents in ettringite increased. 
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Figure 4.44 SEM images of hydrates in mortar A cured until final set (left: 1 min of mixing, 
right: 7 min of mixing) 
 
    
Figure 4.45 SEM images of plate-like (left) and needle-like (right) hydrates in mortar A 
hydrated for 1 day after 1 min of mixing 
 
    
Figure 4.46 SEM images of plate-like (left) and needle-like (right) hydrates in mortar A 
hydrated for 1 day after 7 min of mixing 
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Table 4.6 Chemical compositions using EDX on cross sections shown in Figs. 4.45–4.46 
(unit; %) 
 Fig. 4.45 
(left) 
Fig. 4.46 
(left) 
Fig. 4.45 
(right) 
Fig. 4.46 
(right) 
CaO 93.3 86.4 64.1 54.0 
SiO2 4.6 5.8 24.4 21.2 
SO3 1.2 1.5 6.1 10.5 
Al2O3 0.4 1.5 3.3 9.7 
MgO 0.5 3.8 1.0 2.8 
Fe2O3 0.0 0.4 0.4 1.2 
K2O 0.0 0.6 0.7 0.5 
4.2.14 In-situ XRD 
The hydrating samples of mortar A were measured in situ, starting immediately after 
mixing to follow changes in phase composition [84]. X-ray peaks of quartz, 
anhydrite, ettringite, CH and alite had been observed. Figures 4.47 and 4.48 represent 
the (001)-intensity (at 2θ=18.00°) and the (101)-intensity (at 2θ=34.10°) of CH as a 
function of time, respectively. The experimental mortar A was mixed for 1 min, 2 
min and 7 min and at 700 rpm.  
The intensities of the CH reflections generally increased with measurement time due 
to the progressing hydration. The intensity at a given time decreased with an 
increasing mixing time. This effect was more pronounced for the (001)-reflection 
than for the (101)-reflection. 
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Figure 4.47 (001)-intensity of CH as a 
function of time 
Figure 4.48 (101)-intensity of CH as a 
function of time 
Figure 4.49 indicates apparent phase contents using the in-situ XRD data refined by 
the Rietveld method as a function of time, such as alite, CH and ettringite. The 
moving average in each sample on an hourly 7-incremental period was inserted as 
solid curves. As the mixing duration increased, the onset of the precipitation of CH 
and ettringite as well as the decrease of alite content commenced earlier.  
 
Figure 4.49 Apparent phase contents in mortar A mixed for 2 min and 7 min 
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4.3 Effects of pumping energies at a field scale 
The rheological properties of the mortars before and after the pumping distance of 50 
m and 100 m are quantified in Table 4.7. Figure 4.50 shows one example of shear 
stress–shear rate diagram where viscosity and yield stress are derived.  
Table 4.7 Rheological properties of the mortars before and after pumping 
 
Efflux time Flow value Viscosity Yield stress 
(sec) (mm) (Pa*sec) (Pa) 
Before pumping (0 m) 7.8 236 2.31 1.81 
After pumping (50 m) 6.7 217 2.06 9.41 
After pumping (100 m) 7.0 203 2.12 18.26 
 
 
Figure 4.50 Flow curves of the mortars before and after pumping 
The flow value decreased and the efflux time increased after an initial decrease as the 
pumping distance was extended beyond 50 m. As the mortar was pumped, the yield 
stress increased significantly and the viscosity first decreased after 50 m and then 
increased slightly after 100 m. Other characteristics of the mortars before and after 
the pumping are shown in Table 4.8. The W/P ratio and aggregate content did not 
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change with an increase in the pumping distance (small deviations in the 
measurements of sand in the mortars may be due to sampling error). This result 
indicates that mortar constituents did not segregate during the pumping motion. 
Mortar temperature increased and air content decreased with an extended pumping 
distance. Compressive strength increased as the mortar was pumped, whereas the 
extension rate decreased. 
Table 4.8 Other characteristics of the mortars before and after the pumping 
 W/P Aggregate 
content 
Air 
content 
Mortar 
temp. 
Compressive 
strength 
3 days 28 days 
(%) (gl-1) (%) (°C) (N/mm2) 
Before pumping (0 m) 15.5 1141 1.5 22.6 37.2 51.3 
After pumping (50 m) 15.4 1152 0.9 24.3 42.2 53.9 
After pumping (100 m) 15.3 1155 0.7 26.1 44.9 55.1 
4.4 Effects of pumping energies at a laboratory scale 
4.4.1 Pressurization test 
Table 4.9 shows the rheological properties as a function of the pressure value. Figure 
4.51 shows one example of flow curve where rheometrical properties are derived. 
Compared to non-pressurized mortar (0 MPa), the mortars pressurized at 2 MPa and 
3 MPa exhibited slightly decreased flow values, but the efflux time was unchanged. 
As the mortar was pressurized, the viscosity increased and the yield stress remained 
about the same, specifically when compared to the pumping trials. The pronounced 
increase of yield stress due to pumping can’t be reproduced or simulated by the 
pressurization testing, which rules out the pumping pressure as the parameter 
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responsible for the observed increasing yield stress or decreasing flow value. 
Table 4.9 Rheological properties of the pressurized mortars 
 Efflux time Flow 
value 
Viscosity Yield 
stress 
(sec) (mm) (Pa*sec) (Pa) 
Before pressurization 7.5 235 1.14 2.71 
After 
pressurization 
0 MPa 7.3 227 1.18 2.88 
2 MPa 7.3 224 1.26 3.22 
3 MPa 7.3 222 1.40 3.75 
 
Figure 4.51 Flow curves of the mixed mortars 
4.4.2 Mixing test 
Table 4.10 shows rheological properties as a function of the mixing time. Figure 4.52 
shows an example of flow curve where rheometric properties are derived... With an 
increase in mixing time, the flow value decreased and the efflux time increased after 
a decrease in the first 5 min. The yield stress increased significantly and the viscosity 
increased slightly following a decrease with an extended mixing time. Figure 4.53 
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shows the mixing energy as a function of mixing time. The mixing energy increased 
to a maximum value after putting the dry-mixed powder into water and then it 
decreased (same trend as the laboratory testing shown in Fig. 4.2). 
Table 4.10 Rheological properties of the mortars at different stages of the mixing 
 Efflux time Flow value Viscosity Yield stress 
(sec) (mm) (Pa*sec) (Pa) 
1 min 9.8 236 2.52 1.57 
2 min 7.3 237 2.28 5.19 
5 min 6.0 222 1.73 31.10 
7 min 6.3 212 1.83 35.64 
 
 
Figure 4.52 Flow curves of the mixed 
mortars 
 
Figure 4.53 Mixing energy using handheld 
mixer as a function of mixing time 
4.4.3 Sedimentation test 
Rheological properties as a function of settling time (the time required to complete 
the sedimentation process) are shown in Table 4.11. Figure 4.54 shows an example of 
flow curve where rheometric properties are derived. Whereas the efflux time slightly 
increased when the settling time became longer, the efflux time decreased with an 
increase of the mixing time. The flow value slightly decreased when the settling time 
0
50
100
150
200
250
300
350
400
450
500
0 25 50 75 100
Sh
ea
r s
tre
ss
 (P
a)
 
Shear rate (sec-1)
1 min of mixing
2 min of mixing
5 min of mixing
7 min of mixing
0 1 2 3 4 5 6 7
0
1
2
3
4
5
6
7
8
Mixing time (min)
M
ix
in
g 
en
er
gy
 (J
)
 Chapter 4 - Results 
95 
 
became longer. As the mortar underwent sedimentation, the viscosity increased 
insignificantly and the yield stress remained about the same. 
Table 4.11 Rheological properties of the settled mortars after 2 min of mixing 
 Efflux time Flow value Viscosity Yield stress 
(sec) (mm) (Pa*sec) (Pa) 
Immediately 7.3 237 2.21 3.17 
3 min 7.9 233 2.53 3.55 
5 min 8.0 232 2.42 3.58 
 
Figure 4.54 Flow curves of the settled mortars after 2 min of mixing 
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5. Discussion 
5.1 Rheograph 
Comparing the results of the laboratory tests with those of the field test, each mortar 
subjected to mixing and/or pumping presented an approximately equal change in the 
case where identical proportions of materials were used. For example, when the 
commercially available mortar shown in Table 3.2 was used, the flow value 
decreased and efflux time increased after an initial decrease (see Tables 4.1, 4.7 and 
4.10). In the case of the experimental mortars shown in Table 3.3, the flow value 
decreased and efflux time increased (see Table 4.2). Competitive adsorption between 
PCE and CE [85, 86] might result in these different rheological behaviors between 
the commercially available mortar and the experimental mortars. 
In order to systematically identify and quantify the dominant factors causing the loss 
in fluidity, a vectorized-rheograph approach is used to view the combined effects of 
rheological changes through pumping, pressurization, mixing and sedimentation. 
Figure 5.1 is a rheograph designed to combine the viscosity and the yield stress 
values. Figure 5.2 shows correspondingly an efflux time–flow value diagram. In both 
these figures, the values from Tables 4.7 and 4.9 through 4.11 are normalized. As a 
reference, data measured either immediately after 2 min of mixing or before 
initiating pumping were taken. 
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Figure 5.1 Rheograph; effect of pumping, pressurization, mixing and sedimentation on the 
rheometric properties 
 
Figure 5.2 Rheograph; effect of pumping, pressurization, mixing and sedimentation on the 
flow properties 
The individual steps in the process investigated — mixing, pumping, pressurization 
and sedimentation — are the parameters which change – each with a different 
influence – rheological behavior. That is, as mixing time becomes longer, viscosity 
increases after an initial decrease and yield stress increases. Similarly, with an 
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extension of the pumping distance, viscosity increases after a decrease, and yield 
stress increases (the same vector steps with mixing). Somewhat different effects 
(vector steps), but much less pronounced, are obtained when the mortar undergoes 
pressurization or sedimentation: viscosity slightly increases and yield stress remains 
about the same. Changes in rheological properties (indicated by the arrows in Fig. 
5.1) are observed in the same way when efflux times and flow values are compared 
in a rheograph (Fig. 5.2). In other words, this confirms that efflux times correspond 
to viscosity, and flow values correspond to yield stress. Schwartzentruber and Cordin 
investigated the rheological properties of cement pastes that included several 
PCE/CE doses and described significant correlations between flow value and yield 
stress, and between efflux time and viscosity [87]. The analysis using rheographs 
suggests that shear stress during the mixing and the pumping process do exhibit the 
most pronounced influence on rheological properties of mortar. Compressive stress 
(pressurization) and sedimentation (while mortars settle) induce only little changes. 
The changes in hardening characteristics were also caused by increasing mixing 
durations and pumping distances, such as a shortening of setting time and an increase 
of early compressive strength (Tables 4.1, 4.3 and 4.8). Setting and early 
compressive strength are significantly affected by hydration kinetics in the induction 
period and the accelerated period. The following sections provide a more detailed 
consideration of changes in early hydration and subsequently of changes in fluidity 
and deformation due to different mixing and pumping energies. 
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5.2 Early hydration 
5.2.1 Classical explanation of changes in early hydration 
For the changes in hydration kinetics brought about by the mixing action, the 
following classical explanation has been proposed in the past studies [7, 105, 106]: a 
change in the dispersion state of cement particles in a suspension, or in other words, 
a transition from flocculation to dispersion leads to an extension of the cement 
surface area (reactive area) and subsequently to an increase in the hydration rate. The 
interstitial water in the flocculated cement particles may be released possibly due to 
the dispersion. This proposed mechanism for changes in the rheological properties 
and in the hydration kinetics of mortars and concretes is widely accepted. Figure 5.3 
illustrates the effect of the mixing action on the change in the dispersion state of 
cement particles. 
 
Figure 5.3 Particle dispersion by mixing action 
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5.2.2 Extended explanation of change in early hydration 
From the results in chapter 4, the above described classical mechanism needs to be 
extended and modified. Mechanisms for both early hydration and its changes through 
mixing and pumping processes can be clarified by considering the experimental 
results of mortar A after the mixing and/or sedimentation (while mortars are left 
undisturbed). Figure 4.13 indicates that the initial dissolution of anhydrous phases 
was increased as mixing time became longer. Figure 4.41 shows that the weight loss 
in zone A immediately after mixing, which corresponds to the precipitation of 
pre-hydrates (CSH and AFt etc.) increased with an extended mixing duration. Table 
4.5 shows that SBET increased with an increase in mixing time, whereas there was 
little change settled for the same periods. These results are evidence that more 
pre-hydrates precipitate on the particle surface immediately after intensive mixing as 
compared to no mixing (sedimentation).  
There are some general reviews concerning the early hydration mechanisms, as were 
mentioned in section 2.5 and more details can be found in the literature [88–93]. 
From these reports, the following mechanisms for changes in early hydration 
provoked by the mixing (shearing) action can be deduced. Figure 5.4a–f illustrates 
the proposed mechanisms for an increase/acceleration of hydration rate at early 
stages.  
When cement particles are put in contact with water, initial ion dissolution occurs (a). 
The solution exceeds a maximum supersaturation with respect to pre-hydrates and 
then the pre-hydrates precipitate on the cement surface (b). The pre-hydrates grow 
and form a metastable layer [36, 37, 94–97], which effectively passivates the cement 
surface by restricting its access to water. Growth of the pre-hydrates causes the 
silicate ion concentration in solution to decrease and the Ca:Si molar ratio in solution 
to increase. After a few minutes, the Ca2+ ion concentration at the interface 
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approaches the critical concentration, which is defined as the formation of the 
electrical double layer [35, 91, 98–100], and subsequently the dissolution rate slows 
down (c). With longer mixing times, more surfaces of cement particles become 
exposed to dissolution and/or reaction (d). This could be caused by the destruction of 
protective superficial layers on cement particles, e.g. through the abrasion of the 
pre-hydrates on the cement surface [101] and the thinning of the electrical double 
layer by the mixing procedure. The damage to the surface area of the layers is 
restored by further dissolution and precipitation after a short resting time (e). This 
repetition of destruction and of restoration increases the dissolution rate and 
subsequently accelerates the continual growth of hydrates followed by the transition 
to the accelerated period (f). 
 
  
   
   
Figure 5.4a–f Changes in early hydration provoked by shearing action 
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Figure 4.12 shows that massive hydration commenced earlier and the main peak of 
the heat release rate increased as the mixing time became longer. The weight loss 
after 9 h in zone B which corresponds with the precipitation of CH increased with 
extended mixing periods (Figure 4.41). These results indicate that pre-hydrates 
scraped off by the mixing action provide the “seeds” upon which more CH nucleate. 
The amount of seeds increases with a longer mixing time. Thomas et al. reported that 
more seeds accelerate the heat release rate and increase its second peak [102]. Figure 
5.5 represents the effect of CSH seed that is made with a molar Ca/Si ratio of 1 on 
the early hydration kinetics of C3S hydration. The seed amounts indicate the mass of 
solid CSH per mass of C3S.  
 
Figure 5.5 Effect of CSH seed on the early hydration kinetics of C3S hydration [102] 
Hydrates are formed on/around the cement surface during the acceleration period and 
the formation of hydrates in deceleration period is hindered due to a lack of space. 
Bishnoi et al. proposed that a loosely-packed CSH fills a large fraction of the 
microstructure during early hours of hydration and the further development of its 
microstructure occurs due to an increase in its packing [103]. Thereby the hydration 
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rate in deceleration period is dependent on the formation of hydrates in acceleration 
period. This finding can explain that hydration deceleration after the second peak 
became more pronounced in the mortars mixed for longer durations (Fig. 4.12). Suto 
and Akiba observed the following for the massive hydration of CSH on samples with 
an accelerated initial reaction [104]: Outer CSH gels grow roughly and coarsely, but 
inner CSH gels grow densely during the accelerated period. The outer gels 
progressively form inhomogeneous microstructures, however, for the inner gels, ion 
dissolution is inhibited because of their density. This could cause a decrease in the 
heat evolution rate over a longer period. All SEM images shown in Fig. 4.44–4.46 
revealed that the cement grain structures became coarse, pronounced and enlarged as 
mixing time became longer. With an extended mixing time, the changes in 
microstructure are considered to result from a different formation process of the 
inner/outer CSH during the acceleration period and from a more homogenous (but 
not necessarily a denser or more concentrated) distribution of nucleation sites. 
5.2.3 Experimental demonstration for the protective superficial layers 
Mechanisms for the effects of mixing energies on early hydration (discussed in 
section 5.2.1) can be ascertained and substantiated by demonstrating the presence of 
protective superficial layers that consist of an electrical double layer as well as a 
metastable layer and the destruction of these layers. However, there has been little 
data to prove this phenomenon in the past studies. For the purpose of experimental 
demonstration of this aspect, the test results of the mortars with a supersaturated PCE 
dose (mortars B and B’) and of the mortar with supersaturated lime solution (mortar 
C) are compared to those of basic mortars (mortars A and A’) and discussed. The 
differences in results of mortars (mortars A’ and B’) and pastes (pastes A and B) are 
also discussed, as the fine aggregates could encourage the extension of particle 
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surface during mixing procedures. 
Table 4.5 shows the cement surface (SBET) of both mortars A’ and B’ increased with 
an extended mixing time. Figure 4.17 represents massive hydration commenced 
earlier and the second peak of the heat release rate increased both in mortars A’ and B’ 
as the mixing was prolonged and more rapid. These results indicate that hydration 
acceleration and an increase in hydration rate occur with increasing mixing energies, 
even in the case of the almost fully dispersed mortars (mortars B and B’). In a fully 
dispersed state, a further increase of surface area is only possible (imaginable) if 
cement grains are further divided (milled) or early hydration products are scraped at 
the surface by shearing actions. More precisely, the characteristic changes found after 
an excessive shearing action can’t be explained solely by the transition from 
flocculation to dispersion (mentioned in section 5.2.2) but can be explained by the 
combined consideration of the transition of dispersion state and the protective 
superficial layers on particle surface. 
For the hydration kinetics in mortar C, the initial solution phase is already saturated 
with CH. In this case, no Ca2+ concentration gradient that thickens the electrical 
double layer and hinders the dissolution and precipitation should exist and the 
decrease in the heat release rate during the induction period should be unaffected by 
the mixing duration. The following results do confirm this hypothesis. Figures 4.16 
indicates that there was little difference in the initial dissolution rate between 2 min 
and 7 min of the mixing. However, even when using supersaturated lime solution, 
massive hydration commenced still earlier and the second peak of the heat release 
curves slightly increased (Fig. 4.15) as the mixing time became longer. Slight 
increases in SBET (Table 4.5) and in precipitation of initial hydrates immediately after 
mixing (Fig. 4.42) were observed. These results indicate that pre-hydrates scraped off 
by the mixing (that provide the seeds) do exist as well in the mortar saturated with 
 Chapter 5 – Discussion 
 
 
105
CH [107], which consequently accelerate the hydration rate and increase the second 
peak of the heat release curves. 
Compared with mortars, hydration changes in pastes were less pronounced, but still 
occurred (Fig. 4.18). This phenomenon in pastes can be confirmed using hydrate 
precipitation (Fig. 4.43) and observing the increase in SBET (Table 4.5). Figure 4.4 
shows the temperature increase due to friction between particles during the mixing 
was lower in pastes than in mortars. From these results, the following conclusions 
can be drawn. Fine aggregates such as sand and beads in mortars act as abrasive 
agents on particle surfaces during mixing procedures. The surface area is 
consequently extended and the reaction rate is increased. Inter-particle friction 
provoked by the abrasion results in the increasing frictional heat, which is denoted by 
the increase of mortar temperature. The mechanism for the changes caused by the 
higher mixing speed (1100 rpm) shown in Figs. 4.17 and 4.18 should be the same as 
above. 
5.3 Mechanisms for changes in fluidity 
Degradation of rheological properties and dispersibility could be explained by an 
increase of cement and cement hydrate surfaces [108, 109] or by an insufficient 
adsorption of PCE [110], or by an insufficient availability of active PCE in solution 
phase, or by these phenomena occurring together. PCE adsorbs onto the pre-hydrates 
and disperses cement particles due to electrostatic repulsions and steric hindrances 
[111]. Figure 5.6 illustrates the idea of fluidity degradation caused by excessive 
mixing energy. As previously mentioned, the mixing action exposes more superficial 
adsorption sites of cement particles due to dispersion of agglomerates as well as 
removes very early hydrates or precursors (hydrate/ion layers). At this time, the 
 Chapter 5 – Discussion 
 
 
106
pre-hydrates together with the adsorbing active PCE are being scraped off from the 
metastable layer. The removed PCE is in an “inactive” state. Extended cement 
surfaces (adsorbed sites measured by SBET), provoked by the prolonged mixing, lead 
to an increase in the adsorbed amount of active PCE (Table 4.5). Adsorption of active 
PCE reduces the active PCE concentration in solution phase, which is shown by the 
residual amount of active PCE (Table 4.5). As the active PCE is in short supply after 
the repetition of adsorption and of abrasion, parts of the new surfaces are not covered 
by the active PCE, hence a loss in fluidity occurs. The amount of PCE adsorption per 
unit specific surface area decreased as the mixing time became longer because the 
increasing rate of SBET is higher than that of PCE adsorption (Table 4.5). Compared 
to basic mortars (mortars A and A’), the degradation rate of the fluidity is lower in 
mortars with a supersaturated PCE dose (mortars B and B’) because enough active 
PCE remains in solution phase and is available to adsorb onto the newly created 
superficial hydrates. 
In comparing mortars A and D, an improvement of fluidity was observed with those 
immersed in the cooling bath. As previously mentioned, the hydration rate was not 
dependent on the initial mortar temperature (immediately after mixing). This finding 
suggests that there is no difference in the amount of precipitated hydrates between 
mortars A and D, therefore in this case, fluidity degradation is linked to the 
relationship between temperature and adsorption rate of PCE. Kato et al. reported 
adsorption rates of PCE increased as the temperature of suspensions became elevated 
[112]. Compared to mortar A, the adsorption rate of PCE in mortar D could be 
decreased. Even after the repetition of adsorption and of abrasion, the amount of 
active PCE left in the still remaining water maintained the fluidity. 
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Figure 5.6 Degrading fluidity caused by excessive mixing energy 
5.4 Dimensional stability 
5.4.1 Deformation under covered conditions 
Figure 5.7 shows horizontal shrinkage, vertical shrinkage, capillary pore pressure and 
heat release rate as a function of time in covered mortar A mixed for 2 min. 
Deformation in mortars that were covered and at a constant temperature corresponds 
to autogenous shrinkage and is largely influenced by hydration kinetics. Under sealed 
conditions, capillary pore pressure, which is a driving force of shrinkage, is 
generated by water consumption due to the precipitation of hydrates 
(self-desiccation). The beginning of hydrate precipitation is indicated by a significant 
rise in heat release rate (shown by line A in Fig. 5.7). At the same time capillary pore 
pressure starts to rise slightly indicating the onset of the structuring process by 
massive hydration. 
Vertical shrinkage is generated and increased immediately after the casting of mortar, 
although water did not move out and pore pressure did not yet occur. This initial 
vertical movement could be caused by the de-airing of entrapped air. With a rough 
calculation using the sample geometry, it can be seen that the mortar surface sags 
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about 10 mm/m due to a 0.1% air loss after casting of the mortar. 
The idea of early age deformation under covered conditions as a function of time is 
summarized in Fig. 5.8, where the overall shrinkage is composed of de-airing and 
autogeneous shrinkage contributions. The size of the arrows corresponds to the 
magnitude of the corresponding shrinkage. 
Figure 5.9 shows horizontal shrinkage, vertical shrinkage, capillary pore pressure and 
heat release rate as a function of time in covered mortar A mixed for 7 min. 
According to the Gauss-Laplace’s equation (Eq. 2.7), the capillary pore pressure is 
dependent on pore size distribution ( ) and surface tension of solution phase ( ). 
Table 4.5 shows there was little difference in surface tension between less mixed 
mortar and excessive mixed mortar because the CMC value of the experimental PCE 
is lower than 235 mg(in TOC)/Lwater. Figures 4.39 and 4.40 represent microscopic pores 
(<10 nm) increasing and relatively large pores (100–1000 nm) decreasing in the 
longer mixed mortar because of the hydration acceleration and increase of hydration 
rate. Densification of microstructure provoked by lengthened mixing hastens the 
generation of capillary pore pressure and increases its value at any given time. 
Therefore, horizontal shrinkage, which represents autogenous shrinkage, increases 
and its onset commences earlier as the mixing time becomes longer.  
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Figure 5.7 Horizontal shrinkage, vertical shrinkage, capillary pore pressure and heat release 
rate in covered mortar A mixed for 2 min 
 
Figure 5.8 Early age deformation under covered conditions 
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Figure 5.9 Horizontal shrinkage, vertical shrinkage, capillary pore pressure and heat release 
rate in covered mortar A mixed for 7 min 
5.4.2 Deformation under uncovered conditions 
Figures 5.10 and 5.11 show horizontal shrinkage, vertical shrinkage, capillary pore 
pressure, heat release rate and water loss as a function of time in uncovered mortar A 
mixed for 2 min and 7 min, respectively. Both horizontal and vertical shrinkage 
under uncovered conditions increase significantly in the plastic state and could be 
largely influenced by physical mechanisms such as fluidity and mobility of water in 
and out of the pore structure and material [113, 114]. Mechanisms for early age 
deformation under uncovered conditions can be considered as follows. 
In mortars that were uncovered and at a constant temperature, deformation is a result 
of a superposition of de-airing of entrapped air, evaporation of bleed water, 
autogenous shrinkage and drying shrinkage. Initially, gravity leads to a settlement of 
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the particles immediately after casting the mortar. Entrapped air could escape from 
the casted mortar and this phenomenon leads to the initial sag of a mortar surface. 
Water is pushed out of the space between the particles and accumulates on the mortar 
surface, i.e. formation of water film (thin bleed water layer) where it evaporates. The 
mortar surface undergoes shrinkage vertically due to water evaporation. As long as a 
water supply to the water film continues, less capillary pore pressure is generated 
because menisci can’t be formed at the mortar surface. Therefore, less drying 
shrinkage occurs in the first few hours. An increase in the initial vertical movement, 
which could be caused by air loss and evaporation of bleed water, slows down 4 h 
after the casting. At this point in time, the available water cannot cover the entire 
mortar surface area any longer (while less water film remains) and menisci start to 
form between the solid particles at the mortar surface. As a result, capillary pore 
pressure is built up in the pore system resulting in drying shrinkage. Autogenous 
shrinkage increases when mortar changes from a plastic to rigid state [84]. The 
change in viscoelastic characteristic, that is, the threshold of storage modulus G’ 
causes a kink to appear in horizontal shrinkage curves. Both drying shrinkage and 
autogenous shrinkage increase in a vertical direction as well as a horizontal direction. 
Figure 5.12 illustrates the idea of early age deformation under uncovered conditions. 
The formation of the water film is affected by rheological properties and the state of 
dispersion in the mortars. The upward movement of water (in the solution phase) 
could become more pronounced as the mortars have lower viscosity, lower yield 
stress and are well dispersed. Figures 4.7, 4.9 and Table 4.2 show that longer mixed 
mortars have a lower flow value (higher yield stress), longer efflux time (higher 
viscosity) and degraded dispersibility. In this longer mixed mortar, less settlement 
occurred and less bleed water accumulated on the surface. Therefore, pore pressure is 
built up earlier and increased significantly because menisci are formed readily at the 
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mortar surface. Pore size distribution in the plastic state should also be an influencing 
factor but is hard to detect using MIP. Assuming there is an extended surface area 
(Table 4.5) and smaller pore size at final set (Fig. 4.39), the microstructure should 
become denser and finer in mortar mixed for 7 min. Compared to the mortar mixed 
for 2 min, vertical shrinkage in the plastic state (occurring from 0 min until the 
possible menisci formation, which is caused by evaporation of water film and 
de-airing) decreased and horizontal shrinkage increased in the mortar mixed for 7 
min. This result confirms the aforementioned interpretation. The decrease in water 
loss in the mortar mixed longer (shown in Fig 4.36) is provoked by the thin water 
film. 
 
 
Figure 5.10 Horizontal shrinkage, vertical shrinkage, capillary pore pressure, hydration rate, 
settlement and water loss as a function of time in uncovered mortar A mixed for 2 min 
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Figure 5.11 Horizontal shrinkage, vertical shrinkage, capillary pore pressure, hydration heat 
and water loss as a function of time in uncovered mortar A mixed for 7 min 
 
Figure 5.12 Early age deformation under uncovered conditions 
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Experimental results using non-reactive paste (paste C) do support these concepts for 
drying shrinkage. Figures 4.29, 4.34 and 4.38 show that horizontal shrinkage 
decreased, vertical shrinkage increased, capillary pore pressure decreased and water 
loss increased with extended mixing durations. Figures 4.5, 4.8 and 4.11 show that 
flow-value increased and dispersibility improved as mixing time became longer. 
Although, as compared to cement-based systems, the mixing action results in adverse 
effects because the pastes do not hydrate and no PCE is added, the same trends have 
been observed in both cases. That means better fluidity and dispersibility lead to a 
reduction of horizontal shrinkage and to an increase in evaporation of bleed water, 
which results in increasing vertical shrinkage. 
5.4.3 Comparisons using various mortars 
A comparison of horizontal deformation in mortars A and D (Fig. 4.27) reveals that 
the emergence of the kink and post-kink shrinkage influenced by hydration was very 
similar in the mortars mixed for the same length of time with or without cooling, 
respectively, because massive hydration did not change (Fig. 4.14). However, there 
were pronounced differences in pre-kink shrinkage, in which drying shrinkage is a 
dominant factor, due to an increase in flow value with the cooling bath. 
Comparing horizontal shrinkage in mortars A and B (Fig. 4.25), not only the pre-kink 
shrinkage but also the post-kink shrinkage decreases with the higher dose of PCE. 
This is because an improvement in fluidity and dispersibility of mortars (Table 4.2 
and Fig. 4.10) thickens the water film and increases vertical shrinkage, more 
precisely water evaporation (Fig. 4.37). The thickened water film retards the onset of 
menisci formation and decreases drying shrinkage. Autogenous shrinkage also 
decreases as an increasing amount of adsorbed PCE onto cement particles disturbs 
hydration. 
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Autogenous shrinkage in mortar mixed with lime solution (mortar C) is smaller than 
in mortar mixed with tap water (mortar A) because the initial supersaturated Ca2+ ion 
condition decreases the hydration rate (Fig. 4.15). 
5.5 In-situ X-ray diffraction 
The intensities of CH decreased with increasing mixing time (Figs. 4.47 and 4.48). 
As this result contradicts hydration changes interpreted above (Section 5.4.3), the 
preferred orientation on the surface of the measured sample could be hypothesized. 
The samples develop a layered structure with CH precipitated preferably in the top 
layer, and this layered structure is more pronounced for the shorter mixing time. 
Depending on sample conditions, the penetration depth of X-rays is less than 1 mm. 
Platy-shaped CH crystals that formed on the surface could result in 
disproportionately high peak intensities, especially for CH (001) reflections. Figure 
5.13 demonstrates clearly the preferred orientation, where the ratio of the two 
evaluated CH peaks at 18.00° (001) and 34.10° (101) are plotted. Theoretically, the 
ratio should be smaller than 1. The measured ratio approaches the theoretical value 
only for samples mixed for 7 min.  
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Figure 5.13 XRD peak height ratio for CH intensities as a function of time 
To further study the intensity decrease, Ca and Si mapping images of a cross section 
by EDX (Figs. 5.14 and 5.15) for two mixing regimes were taken after 24 h. Visually, 
there seems to be more CH on the upper surface of the sample produced with shorter 
mixing time. These figures represent the differences in dispersion of Ca and Si 
around 100μm from the upper surface. At the top of the images a surface layer is 
visible, indicating that the amount of Ca is higher in mortars mixed for 1 min than 
those mixed for 7 min. On the other hand, the amount of Si is lower in mortars mixed 
for 1 min than those for 7 min. These results support the idea of a surface film that 
forms after evaporation of the water film, and becomes thinner as the mixing time 
becomes longer. This finding is in good correlation with the obtained results of early 
age deformation. 
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Figure 5.14 SEM image (left), Ca (center) and Si (right) mapping images of a cross section 
mixed for 1 min 
 
  
Figure 5.15 SEM image (left), Ca (center) and Si (right) mapping images of a cross section 
mixed for 7 min 
With the in-situ X-ray and EDX results, it is evident that hydrates are dispersed more 
homogeneously as mixing time becomes longer. This more homogeneous 
distribution of hydrates is considered to result from a more homogeneous distribution 
of water and nucleation sites. Shorter mixing time allows the formation of a surface 
layer of water (water film) with increased water content. This surface layer is the 
preferred place for CH precipitation. Furthermore, this surface layer provides the 
space to develop the pronounced preferential orientation of the forming CH crystals. 
Longer mixing times provide more homogeneous mortars with less pronounced 
surface layers. Therefore, decreased peak intensities and reduced preferential 
orientation of CH are observed. 
Due to this preferential orientation, the discussion of apparent phase content value 
refined by Reitveld analysis (Fig. 4.49) makes no sense, however, accelerated 
precipitation of CH and ettringite do coincide with hydration acceleration provoked 
by lengthened mixing periods as previously mentioned. 
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6. Conclusions and perspectives 
6.1 Conclusions 
In this study, the influences of different mixing and pumping processes on the 
technological properties of cement-based mortars were studied on both a field scale 
and a laboratory scale. The following observations were made and conclusions were 
drawn. 
For a cement-based mortar with basic mix proportions (mortar A), as the mixing time 
becomes longer and/or the pumping distance is extended: 
 Fluidity degrades drastically. That is, flow values decrease (yield stress 
increases) and funnel efflux times increase (viscosity increases). 
 Setting times become shorter and early compressive strength increases. 
 Shrinkage at early age increases both in uncovered and covered conditions. 
These findings can be interpreted as follows; 
1. Shearing action is identified as the major factor concerning the changes in 
technological properties of mortar. Rheological analysis using a rheograph 
confirms this hypothesis because the rheological change provoked by mixing is 
significant, however, somewhat different effects (vector steps), but much less 
pronounced, are obtained when the mortar undergoes pressurization or 
sedimentation. 
2. Proposed microstructural models concerning cement interface and particle 
dispersion have been introduced. That is, 
2.1. When a Portland cement based-mortar containing plasticizer is mixed 
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and/or pumped, energy appropriately introduced to the system initially 
serves to produce a homogenous, well-dispersed mortar. As more energy is 
added, cement particles, initial hydrates and plasticizer are influenced. 
2.2. Excessive shearing action such as extended mixing periods and longer 
pumping distances do have an impact, in that new cement surfaces are 
created by the destruction of passivating hydrates and of the electrical 
double layer (concentration gradient of Ca2+ ion). As a consequence, more 
plasticizer in solution is consumed. Further on in the hydration process, 
massive precipitation occurs earlier – thus, hydration is accelerated. 
Removed hydrates provide the “seeds” upon which more calcium 
hydroxide nucleates and as a result, the hydration rate is increased. These 
changes in hydration kinetics lead to a shorter setting time, earlier 
compressive strength development and increase of autogenous and drying 
shrinkage. 
2.3. If there are not enough plasticizer molecules dissolved in the solution 
phase, part of the new surfaces are not covered by plasticizer; hence a loss 
in fluidity occurs. 
2.4. If the original mortar is overdosed with plasticizer, supplemental 
plasticizer can adsorb on the new surfaces and workability is improved. 
Even in this overdosed case, an excessive mixing duration still leads to 
these same characteristic changes as described above (points 2.1–2.3). In 
the case that mixing water is saturated with calcium hydroxide, the initial 
dissolution rate is unaffected by mixing durations. However, a flow 
degradation, and an increase and acceleration of massive hydration rate are 
observed. These findings support the concept of the presence of protective 
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superficial layers and the destruction of these layers by shearing action. 
3. Changes in early age shrinkage could be explained by accounting for vertical 
movement in addition to the classical shrinkage mechanisms. As the mobility of 
water is reduced due to a degradation of fluidity and dispersibility, less water is 
supplied to the bleed layer, and therefore, the formation of menisci at mortar 
surface becomes more pronounced. As a result, capillary pore pressure is built 
up earlier and increased significantly – hence drying shrinkage increases. 
 
6.2 Perspectives 
Although there a variety of equipment and processes are involved in the mixing and 
pumping procedures at construction sites, there exists quite a few indexes and 
standard working practices for these operations to obtain suitable mortar properties. 
Therefore, on-site construction workers have been troubled about controlling the 
flowability and hardening characteristics due to insufficient scientific knowledge. In 
order to ensure optimum placement and flawless integrity of construction, the 
establishment of best practices that consider the fundamental effects of mixing and 
pumping energies on the mortar characteristics that this work investigated will play a 
decisive role. 
This work also focused on the mechanisms for changes in early hydration kinetics, 
rheology and dimensional stability. It is believed that these findings can be applied to 
future research and development on hydration control, as well as to new types of 
super plasticizer and shrinkage reducing technology etc. 
Hydration kinetics, rheology and dimensional stability of cement-based materials are 
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susceptible to temperature and humidity. Effects of mixing energies on mortar 
characteristics under different temperature and humidity should be investigated and 
discussed on the assumption of various construction conditions such as 
summer/winter seasons, tropical regions and cold latitudes etc. 
Further research is necessary in order to more strictly quantify these effects of 
mixing and pumping (with uniformity) and to discuss more precisely the changes in 
hydration kinetics. In particular, an analysis using more sophisticated methods such 
as G factor method [115] (an external standard method) and/or the transmission 
method of in-situ XRD would be helpful to cross-check the changes in hydrate 
precipitation. An investigation of slipping stress in pumping pipes using strain 
sensors and an evaluation of various fluid behaviors during mixing could advance the 
understanding of mixing and pumping mechanisms. 
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8. Appendix 
8.1 Shrinkage measurement with/without a reflector 
Figure A8.1 shows vertical shrinkage of continuously uncovered/covered mortar A 
with/without a reflector. A contactless laser that penetrated to a 10-cm depth of pure 
water was used. The results indicate that there was little difference in the shrinkage 
behavior between samples with or without the reflector. The difference between the 
solid blue curve and solid red curve could represent the thickness of a bleed layer 
(Fig. A8.1), which is about 500 µm/m. The bleed layer formed on a 30-mm thick 
freshly cast mortar may attain a thickness of circa 100–150 μm. 
 
Fig. A8.1 Effects of the reflector on vertical shrinkage of continuously uncovered/covered 
mortar A 
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Figure A8.2 Vertical shrinkage measurement with/without the reflector (left, continuously 
uncovered and right, continuously covered) 
8.2 Effects of mixer types on fluidity and mortar temperature 
Figures A8.3–A8.5 show J14-funnel time, flow value and mortar temperature as a 
function of mixing time at 20, 30 and 5 C˚, respectively. The commercially available 
mortar shown in Table 3.2 was used and was mixed using different types of the 
handheld mixer shown in Table A8.1. 
 
 
Figure A8.3 J14-funnel time (left), flow value (middle) and mortar temperature (right) as a 
function of mixing time at 20 ˚C 
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Figure A8.4 J14-funnel time (left), flow value (middle) and mortar temperature (right) as a 
function of mixing time at 30 ˚C 
 
Figure A8.5 J14-funnel time (left), flow value (middle) and mortar temperature (right) as a 
function of mixing time at 5 ˚C 
Table A8.1 Rotation speeds and blade types of handheld mixers 
Type Rotation speed (rpm) Blade diameter (mm) Blade shape 
A 750 115 
 
B 1100 115 
C 1500 115 
D 750 150 
 
E 1100 150 
F 1500 150 
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8.3 Detailed calculation method about the adsorbed amount of PCE on cement 
 
Figure A8.6 Detailed calculation method (firstly total amount of TOC in mortars or pastes is 
measured, secondly adsorbed/residual amount of PCE is calculated and finally the amount of 
adsorbed PCE on cement is determined) 
8.4 Effects of mixing time on technological properties of ternary binder SLU 
The effects of mixing durations on technological properties of ternary binder based 
SLU were investigated in a 20 ˚C constant temperature room. A commercially 
available SLU (pre-mixed type) was used as a test sample. The mix proportions of 
the commercially available SLU are shown in Table A8.2. The time periods for 
mixing the SLU were predetermined at 3 and 7 min. Mixing speed was at 700 rpm. 
Table A8.3 shows flow properties, setting times and compressive strength data. Heat 
release rate as a function of time are plotted in Fig. A8.7 for mixing periods of 3 min 
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and 7 min. The TG/DSC curves for SLU immediately after 3 min and 7 min of 
mixing are shown in Figs. A8.8 and A8.9, respectively. Figures A8.10 and A8.11 
show hydrates in SLU cured for 1 day. As mixing time became longer, fluidity 
worsened and hydration kinetics was accelerated/increased. These results indicate the 
same mixing effects as OPC based mortar was presented in ternary binder SLU. 
Table A8.2 Proportion in kg/t of the commercially available premixed SLU 
CAC OPC Gypsum Slug Sand Others* W/P(%) 
70 125 55 250 500 >3 26.0 
* PCE, VMA, accelerator, retarder etc. 
Table A8.3 Flow properties and hardening characteristics of the commercially available SLU 
as a function of mixing time 
Mixing time (min) 3 7 
Slurry temperature (˚C) 23.4 25.2 
Flow value (mm) 298 274 
Efflux time (sec) 10.8 11.5 
Setting time 
(h:min) 
Initial set 1:35 1:15 
Final set 1:50 1:30 
Compressive strength 
(N/mm2) 
1 day 10.8 12.9 
28 days 20.7 23.2 
 
Figure A8.7 Heat release rate of the commercially available SLU as a function of time 
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Figure A8.8 TG/DSC curve for the commercially available SLU immediately after 3 min of 
mixing 
 
Figure A8.9 TG/DSC curve for the commercially available SLU immediately after 7 min of 
mixing 
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Figure A8.10 SEM images of needle-like hydrates in the commercially available SLU 
hydrated for 1 day after 3 min of mixing 
   
Figure A8.11 SEM images of needle-like hydrates in the commercially available SLU 
hydrated for 1 day after 7 min of mixing 
8.5 All values from individual tests 
Values from individual tests are always listed in the upper part while mean values are 
given in bold in the lower part for the corresponding field of the table (this holds also 
true for Table A8.4 through A8.13. 
Table A8.4 All results (top) and the average (bottom, bold) of Table 4.1 
Mixing 
time  
Flow properties Compressive strength  Mortar 
temperature Efflux time Flow value 3 days 28 days 
(min) (sec) (mm) (N/mm2) (˚C) 
2 8.5, 8.4, 7.0 234, 229, 
225 
34.8, 36.1, 
37.5 
52.5, 52.7, 
53.2 
22.9, 23.0, 22.6 
8.0 229 36.1 52.8 22.8 
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7 10.2, 9.1, 
9.2 
180, 195, 
191 
41.2, 43.3, 
41.2 
55.4, 54.5, 
55.1 
25.1, 24.0, 25.5 
9.5 189 42.0 55.0 24.9 
Table A8.5 All results (top) and the average (bottom, bold) of Table 4.2 
 Mortar A Mortar B Mortar C Mortar D 
Mixing time (min) 1 2 7 2 7 2 7 2 7 
Flow value (t0) 
(mm) 
245 
249 
252 
251 
249 
248 
125 
151 
138 
281 
277 
277 
250 
251 
255 
254 
255 
254 
241 
225 
234 
248 
254 
252 
167 
163 
175 
249 249 138 278 252 254 233 251 168 
Flow value (t5) 
(mm) 
240 
238 
244 
218 
220 
220 
134 
128 
120 
271 
281 
288 
240 
240 
241 
251 
255 
251 
217 
205 
207 
249 
252 
245 
151 
173 
159 
241 220 127 280 240 252 210 249 161 
Efflux time (sec) 6.5 
6.9 
6.2 
6.6 
6.6 
6.6 
9.3 
9.2 
8.8 
4.3 
4.3 
4.4 
6.4 
6.5 
6.4 
6.3 
6.9 
6.7 
7.2 
8.6 
8.2 
6.2 
6.5 
6.4 
7.2 
7.8 
8.1 
6.5 6.6 9.1 4.3 6.4 6.6 8.0 6.4 7.7 
Air content (%) 3.0 
3.0 
3.1 
2.7 
2.7 
2.7 
1.5 
1.8 
2.0 
2.5 
2.1 
2.2 
1.3 
1.5 
1.6 
2.9 
2.5 
3.0 
1.9 
1.9 
2.0 
2.8 
2.5 
2.7 
1.8 
1.9 
1.9 
3.0 2.7 1.8 2.3 1.5 2.8 1.9 2.7 1.9 
Table A8.6 All results (top) and the average (bottom, bold) of Table 4.3 
 Mortar A Mortar B Mortar C 
Mixing time (min) 1 2 7 2 7 2 7 
Compressive 
strength 
(N/mm2) 
 
1 day 19.2 
20.0 
20.8 
22.5 
21.9 
21.5 
23.5 
23.0 
23.8 
19.5 
20.1 
20.3 
25.4 
25.9 
27.8 
23.1 
24.5 
22.0 
24.5 
23.5 
23.1 
20.0 22.0 23.4 20.0 26.3 23.2 23.7 
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3 days 32.7 
34.2 
34.1 
40.1 
42.5 
38.0 
42.9 
41.5 
36.3 
41.4 
39.8 
41.5 
45.2 
42.5 
41.3 
40.8 
41.6 
42.4 
42.6 
42.9 
41.4 
33.7 40.2 40.2 40.9 43.0 41.6 42.3 
7 days 45.6 
49.1 
48.7 
51.2 
50.1 
51.4 
51.5 
53.1 
48.1 
52.4 
59.1 
50.8 
56.8 
56.9 
54.0 
51.0 
52.0 
56.6 
53.1 
51.2 
54.4 
47.8 50.9 49.7 54.1 55.9 53.2 52.9 
28 days 58.3 
56.7 
56.6 
59.6 
58.1 
58.7 
57.1 
58.9 
54.4 
61.0 
62.2 
63.1 
63.1 
62.4 
64.1 
60.2 
58.6 
60.9 
55.1 
56.9 
59.0 
57.2 58.8 56.8 62.1 63.2 59.9 57.0 
Table A8.7 All results (top) and the average (bottom, bold) of Table 4.5 
 Mixing 
/Sedimenta
-tion time 
Residual 
PCE 
Adsorbed 
PCE 
SBET Adsorbed 
PCE per 
SBET 
Surface 
tension 
(min) (mgTOC/Lwater) (mgTOC/gcement) (m2/gcement) (mgTOC/m2) (mN/m) 
Mortar 
A 
1 398 
403 
420 
0.69 
0.69 
0.68 
2.12 
2.13 
2.05 
0.33 
0.32 
0.33 
46.8 
46.7 
46.9 
407 0.69 2.10 0.33 46.8 
2 334 
377 
390 
0.72 
0.70 
0.69 
2.19 
2.28 
2.13 
0.33 
0.31 
0.33 
46.8 
46.9 
47.0 
367 0.70 2.20 0.32 46.9 
7 209 
252 
244 
0.77 
0.75 
0.75 
3.99 
4.08 
3.42 
0.19 
0.18 
0.22 
47.3 
47.3 
47.3 
235 0.76 3.83 0.20 47.3 
Mortar 
C 
1 903 
880 
902 
0.48 
0.49 
0.48 
1.89 
1.78 
1.97 
0.25 
0.27 
0.24 
46.2 
46.5 
46.2 
895 0.48 1.88 0.26 46.3 
2 732 
744 
726 
0.55 
0.55 
0.55 
1.84 
1.88 
1.95 
0.30 
0.29 
0.28 
46.3 
46.5 
46.4 
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743 0.55 1.89 0.29 46.4 
7 700 
691 
670 
0.56 
0.57 
0.58 
2.59 
2.66 
2.94 
0.22 
0.21 
0.20 
47.0 
46.7 
46.7 
687 0.57 2.73 0.21 46.8 
Mortar 
A’ 
1 432 
427 
416 
0.70 
0.71 
0.71 
1.80 
1.74 
1.80 
0.39 
0.41 
0.39 
46.5 
46.3 
47.0 
425 0.71 1.78 0.40 46.6 
2 409 
412 
409 
0.71 
0.71 
0.71 
1.98 
2.00 
1.82 
0.36 
0.36 
0.39 
47.2 
47.2 
46.9 
410 0.71 1.93 0.37 47.1 
7 237 
283 
293 
0.78 
0.77 
0.76 
3.87 
3.91 
4.45 
0.23 
0.20 
0.15 
47.5 
47.4 
47.6 
271 0.77 4.11 0.19 47.5 
Mortar 
B’ 
1 981 
949 
998 
0.81 
0.82 
0.80 
1.91 
1.72 
1.83 
0.42 
0.48 
0.44 
46.0 
46.0 
46.3 
976 0.81 1.82 0.45 46.1 
2 938 
941 
935 
0.83 
0.83 
0.83 
2.15 
2.23 
2.16 
0.38 
0.37 
0.38 
45.7 
46.1 
46.2 
938 0.83 2.18 0.38 46.0 
7 889 
901 
865 
0.85 
0.84 
0.86 
2.81 
2.76 
3.01 
0.30 
0.31 
0.29 
46.2 
46.4 
46.3 
885 0.85 2.86 0.30 46.3 
Paste 
A 
1 720 
741 
735 
0.59 
0.59 
0.59 
1.72 
1.49 
1.44 
0.35 
0.39 
0.41 
46.2 
46.4 
46.6 
732 0.59 1.55 0.38 46.4 
2 707 
710 
725 
0.60 
0.60 
0.59 
1.78 
1.92 
1.70 
0.34 
0.31 
0.35 
46.4 
46.4 
46.4 
714 0.60 1.80 0.33 46.4 
7 682 0.61 2.09 0.29 46.4 
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699 
701 
0.60 
0.60 
2.18 
1.73 
0.28 
0.35 
46.4 
46.4 
694 0.61 2.00 0.30 46.4 
Mortar 
A settled 
0 401 
409 
399 
0.69 
0.69 
0.69 
2.11 
2.02 
2.11 
0.33 
0.34 
0.33 
46.5 
46.6 
47.0 
403 0.69 2.08 0.33 46.7 
1 399 
386 
409 
0.69 
0.70 
0.69 
2.05 
2.03 
2.28 
0.34 
0.34 
0.30 
46.6 
46.6 
46.9 
398 0.69 2.12 0.33 46.7 
6 331 
349 
370 
0.72 
0.71 
0.70 
2.31 
2.18 
2.11 
0.31 
0.33 
0.33 
46.6 
46.8 
46.7 
350 0.71 2.20 0.32 46.7 
Table A8.8 All results (top) and the average (bottom, bold) of Figs. 4.41–4.43 
 Mixing 
time 
Hydration 
time 
Weight loss 
Zone A Zone B Zone C 
(min) (h) (%) 
Mortar 
A 
2 0 0.57, 0.60, 0.45 0.02, 0.07, 0.00 0.11, 0.15, 0.07 
0.54 0.03 0.11 
3 0.95, 0.95, 0.89 0.11, 0.07, 0.03 0.18, 0.21, 015 
0.91 0.07 0.18 
9 6.49, 6.24, 6.17 1.37, 1.34, 1.01 0.18, 0.22, 0.17 
6.30 1.24 0.19 
7 0 0.71, 0.72, 1.06 0.01, 0.09, 0.14 0.08, 0.11, 0.17 
0.83 0.08 0.12 
3 1.49, 1.41, 1.63 0.09, 0.13, 0.20 0.19, 0.22, 0.22 
1.51 0.14 0.21 
9 8.51, 8.97, 9.04 1.51, 1.41, 1.52 0.19, 0.29, 0.18 
8.84 1.48 0.22 
Mortar 
C 
2 0 0.13, 0.28, 0.19 0.00, 0.00, 0.00 0.04, 0.04, 0.04 
0.20 0.00 0.04 
3 0.50, 0.83, 0.59 0.01, 0.02, 0.06 0.09, 0.12, 0.09 
0.64 0.03 0.10 
9 5.76, 6.29, 6.22 1.20, 1.09, 1.20 0.19, 0.28, 0.22 
6.09 1.16 0.23 
Chapter 8 - Appendix 
 
 
141
7 0 0.19, 0.30, 0.17 0.00, 0.00, 0.00 0.00, 0.02, 0.16 
0.22 0.00 0.06 
3 0.52, 0.77, 0.63 0.02, 0.06, 0.07 0.05, 0.12, 0.19 
0.64 0.05 0.12 
9 6.90, 7.08, 6.96 1.21, 1.30, 1.39 0.09, 0.32, 0.22 
6.98 1.30 0.21 
Paste 
A 
2 0 0.54, 0.71, 0.85 0.01, 0.01, 0.01 0.02, 0.01, 0.03 
0.70 0.01 0.02 
3 0.88, 0.92, 1.11 0.05, 0.09, 0.10 0.06, 0.06, 0.12 
0.97 0.08 0.10 
9 2.98, 2.38, 3.82 0.41, 0.79, 0.87 0.29, 0.26, 0.59 
3.06 0.69 0.38 
7 0 0.53, 0.61, 1.44 0.01, 0.03, 0.05 0.08, 0.16, 0.09 
0.86 0.03 0.11 
3 0.79, 0.72, 1.25 0.00, 0.08, 0.22 0.07, 0.16, 0.07 
0.92 0.10 0.10 
9 2.99, 2.61, 3.73 0.53, 0.79, 0.78 0.45, 0.59, 0.58 
3.11 0.70 0.54 
Table A8.9 All results (top) and the average (bottom, bold) of Table 4.7 
 
Efflux time Flow value Viscosity Yield stress 
(sec) (mm) (Pa*sec) (Pa) 
Before pumping 
(0 m) 
8.1, 7.6, 7.8 227, 237, 243 2.39, 2.28, 2.25 3.14, 1.08, 1.22 
7.8 236 2.31 1.81 
After pumping  
(50 m) 
7.0, 6.5, 6.5 212, 217, 221 2.10, 2.06, 2.03 10.21, 8.54, 9.49 
6.7 217 2.06 9.41 
After pumping  
(100 m) 
6.6, 7.1, 7.2 208, 200, 200 2.12, 2.17, 2.08 16.20, 20.47, 18.11 
7.0 203 2.12 18.26 
Table A8.10 All results (top) and the average (bottom, bold) of Table 4.8 
 W/P Aggregate 
content 
Air 
content 
Mortar 
temp. 
Compressive 
strength 
3 days 28 days 
(%) (gl-1) (%) (°C) (N/mm2) 
Before pumping  
(0 m) 
15.3 
15.2 
1109 
1152 
1.3 
1.6 
22.6 
22.7 
37.9 
36.2 
51.1 
52.4 
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16.0 1162 1.6 22.6 37.5 50.4 
15.5 1141 1.5 22.6 37.2 51.3 
After pumping 
 (50 m) 
15.1 
15.8 
15.3 
1171 
1146 
1139 
1.0 
0.9 
0.8 
24.2 
24.9 
23.8 
41.0 
42.9 
42.7 
53.9 
53.5 
54.3 
15.4 1152 0.9 24.3 42.2 53.9 
After pumping  
(100 m) 
15.5 
15.5 
14.9 
1122 
1203 
1140 
0.7 
0.7 
0.6 
26.6 
27.1 
24.6 
45.2 
45.4 
44.1 
53.5 
53.8 
58.0 
15.3 1155 0.7 26.1 44.9 55.1 
Table A8.11 All results (top) and the average (bottom, bold) of Table 4.9 
 Efflux time Flow value Viscosity Yield stress 
(sec) (mm) (Pa*sec) (Pa) 
Before pressurization 7.3, 7.6, 7.5 238, 234, 233 1.15, 1.14, 1.14 2.54, 2.81, 2.77 
7.5 235 1.14 2.71 
After 
pressurization 
0 MPa 7.3, 7.3, 7.3 225, 226, 229 1.19, 1.18, 1.17 2.94, 2.88, 2.81 
7.3 227 1.18 2.88 
2 MPa 7.1, 7.3, 7.5 224, 223, 224 1.26, 1.23, 1.28 3.30, 3.11, 3.25 
7.3 224 1.26 3.22 
3 MPa 7.3, 7.3, 7.3 218, 221, 226 1.51, 1.43, 1.27 3.90, 3.25, 4.09 
7.3 222 1.40 3.75 
Table A8.12 All results (top) and the average (bottom, bold) of Table 4.10 
 Efflux time Flow value Plastic viscosity Yield stress 
(sec) (mm) (Pa*sec) (Pa) 
1 min 10.1, 9.5, 9.9 236, 233, 240 2.60, 2.44, 2.51 2.30, 1.08, 1.33 
9.8 236 2.52 1.57 
2 min 6.9, 7.0, 8.0 239, 238, 235 2.28, 2.31, 2.26 4.78, 4.75, 6.05 
7.3 237 2.28 5.19 
5 min 5.8, 5.8, 6.3 221, 221, 225 1.62, 1.77, 1.80 30.88, 29.30, 33.13 
6.0 222 1.73 31.10 
7 min 6.3, 6.3, 6.4 207, 215, 215 1.85, 1.84, 1.81 38.11, 33.69, 35.12 
6.3 212 1.83 35.64 
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Table A8.13 All results (top) and the average (bottom, bold) of Table 4.11 
 Efflux time Flow value Plastic viscosity Yield stress 
(sec) (mm) (Pa*sec) (Pa) 
Immediately 7.3, 7.0, 7.5 238, 240, 232 2.17, 2.25, 2.20 2.85, 3.20, 3.45 
7.3 237 2.21 3.17 
3 min 8.0, 7.7, 7.9 230, 233, 236 2.41, 2.64, 2.55 3.55, 3.47, 3.64 
7.9 233 2.53 3.55 
5 min 8.0, 8.0, 8.0 231, 232, 232 2.46, 2.31, 2.48 3.45, 3.59, 3.69 
8.0 232 2.42 3.58 
8.6 Application at an industrial scale 
An industrial application using an ultra-high strength concrete, where optimization of 
mixing energies was utilized, is shown in this section. Ultra-high strength concretes 
contain large amount of binder which increases mixing loads significantly. Therefore, 
there is a problem that obtained fluidity and compressive strength of the concrete 
differs in each concrete plant as mixing conditions are not uniformed. 
Figure A8.12 shows electrical loads as a function of mixing time under various 
mixing conditions. Table A8.14 lists the details of mixing conditions. Mixing 
durations required to optimize the dispersion state, where the rate of electrical load is 
leveled off, differed in each mixing condition. Figures A8.13, A8.14 and A8.15 
represent effects of mixing durations on flow values and compressive strength under 
mixing conditions A, B and C, respectively. These results indicate, if enough mixing 
energy is not introduced, large flow value and high compressive strength were not 
gained due to inadequate dispersion and less reactive interface of cement particles. 
Through the field trial concerning the optimization of mixing energies, designed 
compressive strength (more than 160 N/mm2) and flow values (300 ± 30 mm) have 
been obtained at each concrete plant by providing instructions to maintain the mixing 
durations to an optimum dispersion level (i.e. optimum mixing time in conditions A 
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and B is approximately 20 min after wetting and in condition C, approximately 15 
min). 
   
Figure A8.12 Electrical loads as a function of mixing time under various mixing conditions 
Table A8.14 Mixing conditions 
 Mixer type Motor Mixing volume Plant 
Condition A Twin-shaft mixer 110kW 1.8 m3 A 
Condition B Twin-shaft mixer 110kW 3.3 m3 B 
Condition C Pan mixer 100kW 2.0 m3 C 
 
Figure A8.13 Flow values and compressive strength as a function of mixing time under 
mixing condition A 
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Figure A8.14 Flow values and compressive strength as a function of mixing time under 
mixing condition B 
 
Figure A8.15 Flow values and compressive strength as a function of mixing time under 
mixing condition C 
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